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CHAPTER I 
INTRODUCTION 
I.A Introduction 
Since the discovery of electron paramagnetic resonance (EPR) by Zavoisky 
in 1945 [ 1 ] and the first observation of ligand hyperfine (hf) interactions 
in the EPR spectrum of a transition metal compound by Owen en Stevens in 1953 
[ 2 ] , the number of EPR studies on this kind of compounds has been numerous. 
The EPR technique has proven to be particularly useful for probing the 
details of the environment of the paramagnetic transition metal ions [ 3 ] . 
To obtain this detailed information, it is necessary to perform EPR measure-
ments on paramagnetic metal ions diluted in diamagnetic lattices. When the 
compounds are magnetically concentrated, electron dipole-dipole or exchange 
interactions give rise to dipolar broadening or exchange narrowing of the 
EPR spectrum. When the exchange interactions are strong a single exchange 
narrowed EPR line is observed and no information about hf interactions can be 
obtained. If the exchange interactions are weak, sometimes fine structure can 
be seen in the EPR spectra of undiluted systems [A,5,6,7,8 ] . In this thesis 
we report a detailed study on such a system. 
Even in the case of diluted magnetic samples the EPR lines are often 
inhomogeneously broadened by interactions of a large number of nuclei 
interacting with the unpaired electron(s). As a consequence ligand hf 
couplings are often not resolved in the EPR spectra. Also nuclear quadrupole 
(nq) parameters, when they are small, are not easily exstracted from the EPR 
measurements. To resolve hf and nq interactions which are not accessible in 
the EPR spectra, G. Feher [9 ] introduced in 1956 a double resonance 
technique. Electron Nuclear Double Resonance (ENDOR), in which the spin 
system is simultaneously irradiated with a microwave (mw) and radio 
frequency (rf) field. While an EPR transition is saturated with the mw field, 
the radio frequency is swept and whenever this frequency corresponds to a 
nuclear resonance, a change in the intensity of the electron spin resonance 
signal is observed. ENDOR may be looked upon as NMR in which the unpaired 
electron serves as a means of detection. 
The first ENDOR spectrum was published in 1963 by Deal, Ingram and 
Srinivasan [ 10 ] . The first complete single crystal ENDOR analysis of a 
1 
transition metal complex was presented by Rist and Hyde [ 11 ] in 1969 on the 
planar complex Cu(II)-8-hydroxyquinolate. Since that time ENDOR of transition 
metal containing compounds, as single crystals, powders or frozen solutions 
has received much attention in (bio)inorganic chemistry [ 12 ] . In this thesis 
we report a detailed ENDOR study of a transition metal complex. 
I.В Survey of this thesis 
This work consist of two main parts: 
1) an ENDOR study of Cu(II)bis(N,N-diethyldithiocarbamate) (Cu(dedtc) ). Along 
with the determination of a number of proton hf coupling constants, the 
emphasis lies on the calculation of the multi-centre contributions to the 
anisotropic part of these hf couplings. 
-2 + 
2) an EPR study of the undiluted single crystal of [Cu(II)(mnt) ] (MB ) . 
acetone with mnt = maleonitriledithiolate and (MB ) = the Methylene Blue 
cation = 3,9-bis(dimethylamino)phenazothionium. The EPR spectra can be 
analysed as due to a triplet of two coupled Cu ions and interdimer spin-
spin interactions. 
In section A of chapter II the ENDOR theory is outlined and in section В 
exchange and dipolar interactions between paramagnetic ions are discussed. 
Chapter III comprises the experimental aspects of this work. In chapter IV 
and V the method to calculate multi-centre contributions to the hf tensors 
and the experimental results of the ENDOR measurements on Cu(dedtc)9 are 
presented. The possibility and impossibility of the analysis of powder ENDOR 
measurements on this system are discussed in chapter VI. In chapter VII we 
present the structure as well as magnetic and EPR measurements on 
-2 + [Cu(II)(mnt) ] (MB ).ac. The analysis of the extra lines, observed in the EPR 
spectra of this complex, in terras of spin-spin interactions are discussed in 
chapter VIII. 
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CHAPTER I I 
THEORY 
11.A ENDOR t h e o r y 
II.A.1 Introduction 
To illustrate the principle of the ENDOR method we consider the most 
simple spin system consisting of an electron spin S = 1/2 and a nuclear spin 
I = 1/2. All the interactions are supposed to be isotropic: 
K =
 δ
μ
Β
Β
ο ·
δ
- V N V 1 + a I - s 
The first term is the electronic Zeeman interaction and is normally much 
larger than the nuclear Zeeman (second term) and the hyperfine (third term) 
Figure 1 Energy levels for S - 1/2 and I - 1/2 system. 
4 
interaction. Then it is allowed to use the strong field approximation. If the 
direction 
given by 
of В is defined as z, the energy levels in this approximation are 
E ( m S ' m l ) = g V ,B BO mS " gN UN BO mi + a mS mi • 
They are shown in fig. 1 for the case ν (= ΒνμνΒη^ ^ l3!^· 
To understand the ENDOR experiment one has to consider the saturation 
behaviour of the EPR signal and therefore the population differences of the 
energy levels. This implies that all kinds of relaxation processes have to be 
taken into account. The relaxation paths in a four level energy diagram are 
shown in fig. 2a. T, and T. denote the electron and nuclear spin-lattice 
ь
 le In r 
relaxation times, while Τ and Τ refer to cross relaxation processes, in 
X XX 
which electron and nuclear spin flips occur simultaneously. The cross 
relaxation process Τ , which corresponds toA(m ± m ) = ± 2, is not present 
XX Ь J. 
for purely isotropic hyperfine interaction. Initially the four level 
populations are considered to be in thermal equilibrium with each other. 
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Figure 2 Relaxation pathways in the four level energy diagram (a). Saturation of an 
EPR (1-3) and ENDOR (1-2) transition are shown. The equivalent circuit 
f or calculating the ENDOR response at the 1-3 EPR transition is shown 
in b. 
5 
Neglecting the differences in population between the levels 1 and 2, and 3 
and 4, the electronic Boltzmann factor Ν,/Ν. = N,/N„ = exp{ - Д. 0 } can be 
expanded as 1 - ε when •0 (= ε) < 1. The relative populations of the levels 
are then as shown in fig. 2a. 
If one induces EPR transitions between level 1 and 3 with sufficient high 
microwave power, so that the induced absorption rate competes with the 
electronic spin relaxation rate 1/Τ , the EPR transition becomes (at least 
partly) saturated: a smaller EPR signal is observed then under moderate 
microwave power conditions. 
In transition metal complexes the relation Τ, < Τ < Τ, usually holds. 
_7 -о le χ In ' 
T. is between 10 - 10 sec, depending on the temperature. This is very 
much shorter then the scan time through an NMR transition in a continuous 
ENDOR experiment. So the ENDOR experiment is carried out under steady state 
conditions. 
When the 3 - 4 NMR transition is induced, by applying a saturating rf 
field, the relaxation pathway, via Τ , is established parallel to the Τ 
pathway of the 1 - 3 EPR transition. Then the relaxation between the levels 1 
and 3 will be more effective and the EPR transition will be partially 
desaturated. The observed increase of the EPR signal is noted as the ENDOR 
responce. Stated in an other way, the rf field tries to equalize the 
populations of the levels 3 and 4. The effect is that the population difference 
between the levels 1 and 3 is increased. In this way the nuclear transitions 
can be detected through the effect on the EPR signal intensity. In the spectrum 
of the EPR signal height versus the radio frequency an ENDOR line at the 
frequency v_ = |v - |a|/2| is observed. In the same way an ENDOR signal is 
observed at the frequency ν = |v + |a|/2| when the 2 - 4 EPR transition is 
saturated and the rf field induces the 1 - 2 NMR transition. 
In general for solids and especially in the case of transition metal 
complexes, one has to consider an anisotropic spin hamiltonian. Then Τ can 
be as important as Τ and both ENDOR signals are detected, while one EPR 
transition is saturated. 
To analyse the ENDOR measurements one has to consider the spin hamiltonian 
of the whole spin system. Approximate methods of solving using perturbation 
theory will not always suffice and exact diagonalisation of the spin 
hamiltonian with a computer is then necessary. Of course it is always possible 
to neglect contributions to the ENDOR frequencies which are comparable to the 
experimental precision with which these frequencies can be measured. In our 
study it was found experimentally that the copper hyperfine and quadrupole 
interactions can be ignored. 
H.A.2 Phenomenologioal desoription of the ENDOR mechanism 
In this section we want to show in more detail what experimental 
conditions and system parameters are relevant for the detection of ENDOR. In 
the following we give a phenomenological description based on the solution of 
the Bloch equations [ 1,2,3,4,5 ]. Although the Bloch equations are not valid 
for the solid state they can be used for obtaining qualitative insight into 
the role of the relevant parameters. In this description the ENDOR response 
is looked upon as a change in the effective spin-lattice relaxation time of 
the system [ 6 ] . 
According to the Bloch theory, the intensity of the absorption mode EPR 
signal at resonance is given by 
I = 1/2 Μ 0γΒ 1Τ 2 / (1 + Y
2B^T 2T ] e) (1) 
where В is the magnitude of the microwave field and T. the spin-spin 
relaxation time. The change in signal intensity resulting from a change δΤ. 
in T. is le 
il - - 1/2 M 0Y
3B^T 2ST l e / (1 + Y
2BjT 2T ] e) 2 (2) 
This is the ENDOR enhancement; it is positive for a decrease of the relaxation 
2 2 
time. 61 has an optimum with respect to the microwave field when γ Β.Τ,,Τ = 3. 
Thus 61 has a maximum value 
61 = - 3/32 . Μ.γΒ,Τ,δΤ, / Τ, (3) 
max 0' 1 2 le le 
The fractional enhancement E with respect to the EPR absorption signal is 
E = 61 / I =3/4 6T, / T. (4) 
max max le le 
The dependence of the intensity of the ENDOR signal on the radio frequency and 
the various relaxation paths is contained in 61. Therefore, we shall take a 
closer look at the effective spin-lattice relaxation time with (Ύ (on)) and 
without (T. (off)) rf irradiation of an NMR transition. 
When, for example, the 1 - 3 EPR transition is saturated, the effective 
spin-lattice relaxation time can be written as 
7 
<
, / T
.e
( o f f
»l-3 = W,-3 
W2-3 Ml-4 ( Wl-2 + W3-4 ) + Wl-2W3-4(W2-3 + Wl-4 ) 
+ W2-4(W1-A ^ і - ^ ^ з ^ ^ г ^
 ( 5 ) 
W2-4 ( W.-4 + W3-4 > + (Wl-2 + W2-3 ) ( Wl-4 + W3-4 + 2-^ 
where the system of relaxation paths is regarded as a network of electrical 
resistances, whose conductances are W._, [5 ] . The equivalent circuit is shown 
in fig. 2b and equation 5 follows from the application of Kirchoff's laws. The 
ENDOR effect on the 1 - 3 EPR transition arises when for instance the 1 - 2 NMR 
transition is saturated by the rf field. Then we have to replace W. _ by 
(W - + W ), where W is the rf induced transition probability. The change 
6T. (= T. (on) - T. (off)) [4 ] strongly depends on the relative magnitude 
of the W's. In transition complexes the relation 
W__,,W _ > W.-jW , > W-_.,W,_, holds [ 1 ] . For convenience we will set 
W- , = W, _ = W and W„ , = W, , = W . Because W„ , and W, , are relatively 2-4 1-3 e 2-3 1-4 χ 2-1 4-3 J 
small we neglect them and after introducing W we obtain: 
W2(W +W ) +W W W 
(1/2 Τ (on)) - W
e
+ - £ - Z l ^ 1 - 1 — (6) 
J
 W + 2W W + (W +W )WT 
χ e χ χ e l 
Thus 
W 2 + 2W W + (W +W )W 
(T, (on)). - 1/2 . ? ^ ϊ L _ i ^
 ( 7 ) 
2W W (W + W ) + (W + W ) W T e χ e χ e χ I 
Then the fractional ENDOR enhancement is 
Tle T l e ( 0 n ) - T l e ( o f f ) 
E = - 3/4 „ ' e , = 3/4 l  ' e 
Tle(on) Tle(on) 
3/4 . (^) 
(w +w ) 
S IL·- w 
W W (W + 2W ) * I 
χ
 ч
 x x e 
(8) 
2W ' ' (W +W ) 
e e x 
W (W +2W ) * WI 
χ χ e 
Thus, for transition metal complexes with the above mentioned relations for 
the relaxation rates the ENDOR response depends on two factors: 
1) the relative magnitude of W and W , the electron spin-lattice and the 
electron-nuclear cross relaxation rates, 
2) the magnitude of W-, the rf induced transition rate. 
8 
Since we are interested in the ENDOR response as a function of the 
temperature, we must deduce the magnitude and the temperature dependence of 
W , W and W,. W and W depend on the system and the temperature while W T e x l e x r y r I 
depends on the experimental equipment and is temperature independent. The 
2 2 
transition probability induced by the rf field is W T = 1/2 γ B.Tn [4 1 , at 
' I η 2 2n 
exact resonance. B,,the field strengths of the rf field is 2 - 3 Gauss in our 
equipment (Chapter V). T„ is the nuclear spin-spin relaxation time. We shall 
approximate T. with the observed ENDOR linewidth (25 kHz), !„ ~0.5 10~ sec. 
Thus W is in the order of 5 10 sec 
At high temperature the spin-lattice relaxation is usually fast. For 
Cu(dedtc)- doped in the corresponding Ni host in the ratio 1:100, Τ is in 
—6 ^ 
the order of 10 sec. at high temperature [7 ] . Assuming that W is in the 
-2 x 
order of W at high temperature, we obtain E = 0.125 10 . Thus the ENDOR 
response is only 0.125%, which is not easily detectable. 
In our system, the spin-lattice relaxation time increases upon lowering 
-3 
of the temperature. At 30K, Tj is about 10 sec. Then, assuming that W 
becomes faster smaller then W upon lowering the temperature, W > W , the 
term 
(W + W ).WT (W +W ).WT 
—* 5 I /1+ -J ϊ Ϊ ι 
W (W + 2W ) ' W (W + 2W ) 
χ χ e χ χ e 
and the ENDOR effect can be detected depending on the ratio of W / W . 
χ e 
At very low temperature, below 5 K, the relative order of magnitude of 
W and W can be estimated if a "direct" process, involving the absorption 
e x 
and emission of phonons at the magnetic resonance frequency governs the 
relaxation processes [ 1 ] . The relative relaxation rates for different 
electronic transitions then vary in the same way as the EPR transition 
probabilities. Both processes depend on similar physical mechanisms. The EPR 
transitions, corresponding to the Τ and Τ processes are partly allowed 
by the terms in the spin hamiltonian: 
A S Î + A S Ï = 1/4 (A + A ) ( S I + S I ) + l /4 (A - A ) ( S I + S I ) 
XXX y y y χ y + - - + Χ y + + - -
These terms admix states 
(M
s±i' « Ι Ϊ Ρ and (Ms±i' ^ i ) into (MS' V 
with coefficients 
9 
(A + A ) / 4 hv and (A - A ) / 4 hv 
χ y e χ y e 
respectively. Consequently, the cross relaxation probabilities are given by 
W ~ W 
χ e 
A + A 
_x У 
4 hv and W ~ W xx e 
A - A 
χ
 z 
4 hv 
Therefore, in the Cu(dedtc). system with proton hf couplings in the order of 
-9 
MHz and hv = 9 GHz, W ~ 10 W . Substituting this into equation 8, one 
finds that the ENDOR effect will be undetectable. 
In this way it can be understood why ENDOR signals can be observed only 
within a small temperature window. 
IΙ.В Interactions between magnetic ions in a crystal 
The magnetic properties of a crystal are largely influenced by the 
presence of dipole-dipole and exchange interactions between the magnetic ions. 
The dipolar interaction between two ions can be described analogous to 
the classical dipolar coupling between bar magnets: 
μ2 I r Biu, . r)(p2 r) / r 
where r is the radius vector connecting μ. and μ„. By replacing μ. with 
μ g S., we get the quantum mechanical version: 
2 2 r ( W 4 ·?><*2 ·*>, 
\ = S e P B { 3 5 ] 
r r 
Another important interaction between magnetic ions or molecules is the 
exchange interaction. This exchange interaction is essentially an electro­
static interaction and follows as a consequence of the Pauli exclusion 
principle. This can be pointed out for a system of two electrons and two 
nuclei [8,9 ] . The hamiltonian for this system is written as: 
3C(I,2) = 3fA(l) + 3^(2) + 30(1,2) 
= - h2/4m V? - h2/4m V, - Ze2( -!-
 +
 _L
 +
 J_
 +
 _L_^_ 
A A. B. B, AB 
2. 
+ e /r 12 
10 
where subscripts А, В refer to the nuclei and 1, 2 to the electrons. H and 
H_ are the one-electron hamiltonians on the nuclei and H' is the interacting 
part. In the Heitler-London approximation the required antisymmetric functions 
are: 
triplet state: 
Ψ,
 l
- — [ Ф д О Н Л г ) - φ (2)ф (1) ] αα 1
 /2 - 2S2 A B A B 
AB 
Ψ,
 !
 Γ-[Φ»(1)Φ„(2) - Φ.(2)φ (1) ] ß3 
2
 / 2 - 2S2 A B A B 
AB 
Ψ ,
 l
- [ Ф Л О Ф - Ш - Ф
д
(2)ф (1) ] [αΡ - 3α ] 
3
 2^1 - S ^ Α Β Α Β 
s i n g l e t s t a t e : 
Ψ. ' — - [Φ.(1)Φ„(2) + Φ.(2)φ (1) ] [αβ - βα ] 
4
 2/1 - S^g Α Β AB 
φ.(к) are the normalized one-electron orbitals, α and β are the orthonormal 
one-electron spin functions and S is the overlap integral, S._ = < ФдІФ,, >· 
The exchange interaction energy, the difference between the singlet and triplet 
state can then be given by: 
9 T v v
 2(KAB-JABS;ÍB>-4(kAB-JABSAB)SAB „, 2J - E . , . - Е^ . , ,_ = ; (1) 
singlet triplet _ 4 
1 SAB 
where: 
K A B = < * A ( 1 ) * B ( 2 ) l e 2 / r l 2 l V 2 ) * B ( 1 ) > 
Л
А В
Ш <
* А
( ,
> * В
< 2 )
І
е 2 / г
і 2 І * А ( 1 ) 2 ) > 
kAB - < *Al 2 e 2 / rAl*B > ' < *Bl Z e 2 / rBl*A > 
J A B " < * A l Z e 2 / r B l * A > = < * B l Z e 2 / r A l * B > 
This singlet-triplet separation is represented in the effective spin hamiltonian 
by the term 
11 
X= -2J S1.S2 (2) 
in which the effective exchange constant J is defined. This Heisenberg 
exchange hamiltonian has the eigenvalues -I/2J for the triplet state and 
+3/2J for the singlet state. The effective exchange constant J can be either 
positive or negative. If the overlap integral S is zero, J is equal to the 
Ab 
real exchange integral K._ (equation 1). This integral is necessarily positive, 
AÖ 
which means that J is positive. Then the triplet is the groundstate and the 
interaction is said to be ferromagnetic. Antiferromagnetic interactions (J is 
negative) can arise when the overlap integral is non-zero. Then the singlet 
is the groundstate. 
The combined effect of the effective isotropic exchange and the spin-
orbit coupling leads to the so called "pseudodipolar exchange interaction"; a 
non-traceless anisotropic interaction. Experimentally, its contribution to 
the dipolar interaction and to J cannot be measured. The magnitude of this 
2 2 
effect can be shown to be J.λ /Δ [ 10 ] , where Δ is the excitation energy and λ 
2+ 
is the spin-orbit coupling constant. Because the Cu spin-orbit coupling 
2- + 
constant is much smaller than the excitation energies inCu(mnt). (MB )..acetone, 
the pseudodipolar interaction can be neglected. Our system is a dimer with 
inversion symmetry, therefore, antisymmetric exchange is not present. 
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CHAPTER I I I 
EXPERIMENTAL 
I I I . A Selection and preparation of the compounds 
III.A.l Cu(II)(dedtc)2 
The idea that in covalent molecules multi-centre contributions to the 
proton anisotropic hf couplings can be important, made us look for a method 
or procedure to calculate these contributions (chapter IV). This method works 
or fails depending on the accurate knowledge of the spin densities of the 
system. Cu(dedtc)„ has been extensively studied with ESR [ 1,2,3 ] and UV [ 4 ] 
spectroscopy. Various molecular orbital (mo) calculations[ 5,6,7,8 ] have been 
carried out and therefore the spin densities are accurately known. 
Preliminary ENDOR measurements on Cu(dedtc) showed so many proton ENDOR 
lines that the interpretation seemed difficult. That is why we tried to find 
an equivalent system with less protons, of which could be expected that mo 
calculation could be carried out and accurate spin densities could be 
determined. Therefore, we investigated some other Cu(dtc)9 compounds. 
Cu(H dtc)„ does not exist, because the H„dtc ligand reduces Cu(II) to 
Cu(I). From Cu(dimethyldtc)7 doped into Ni(dimethyldtc)., we were not able to 
crystallize large enough crystals. From Cu(dibenzoyldtc) and Cu(dibenzyldtc)9 
doped into their Ni host, we could grow large crystals. They contain solvent 
molecules, which evaporate when the crystals are left at the air. Because the 
efforts to find an easier system failed, we returned to the Cu(II)(dedtc). 
system. But in order to reduce the number of ENDOR lines we decided to 
deuterate the CH. groups in the ethyl chains. 
The compounds are synthesized as follows [ 9 ] : 
0oC 
CS2 + HN(CH2CD3)2 + NaOH -* Na( ( C D ^ H ^ N - CS2) + H20 
CS„ is added dropwise to an alkaline solution of the deuterated secondary 
amine in water. The reaction mixture is cooled with ice. A solution of a 
metal chloride in water is added slowly to the solution of the obtained 
sodium diethyldithiocarbamate: 
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2Na((CH3CH2)NCS2) + M(II)C12 -> M(II) ( (CD 3CH 2) 2NCS 2) 2 + 2NaCl 
The complex is recrystallized from chloroform or dichloromethane. Single 
crystals are 
ratio 1:100. 
grown of Cu((CD CH ) dtc) in the host Ni((CD CH ) dtc) in the 
III. A. 2 [ Cu (II) (mnt ) . ] 2 (MB+)
 2 and [ Cu (II) (mnt ) 2 ]~2 (MB+) . aae tone 
In the attempt to prepare Charge Transfer (CT) complexes of planar 
transition metal systems with planar organic compounds, we investigated the 
-2 + 
possibility of Cu(mnt)- anions with MB cations. This suggestion was 
picked up at the ICCC congress in Prague in 1978 [ 10 ] . As will be shown in 
chapter VII, this attempt to prepare a CT complex completely failed. 
The compounds are prepared the following way: Na„mnt is prepared 
according to the literature [11 ]. A solution of Cu(Cl)- in an ethanol/water 
mixture is added slowly to an ethanol/water solution of Na.mnt. After 
filtration an ethanol/water solution of Methylene Blue is added to this 
-2 + 
solution. [Cu(mnt)9 ] (MB ) precipitate as a purple powder. 
Recrystallization from dimethylformamide yields shiny copper-red crystals. 
Recrystallization from acetone yields shiny metallic green crystals of 
-2 + [Cu(mnt) ] (MB ) .acetone. 
-2 + 
A powdered sample of [Cu(mnt) ] (MB )„ shows an asymmetric ESR line 
-2 + 
over the temperature range 292 to 4.2 K. [Cu(mnt)„ ] (MB )., coprecipitated 
-2 + 
with [Ni(mnt)„ ] (MB ). in the ratio 1:100, shows a powder EPR spectrum. 
The EPR parameters deduced from it, g = 2.086, g, = g, = 2.023, A = 1.66.6 
(G), A„ = A = 41.7 (G), are almost similar to the g and A values obtained by 
-2 
Plumlee et al. [ 12 ] from single crystal measurements on [Cu(mnt)9 ] 
-2 7 (tetrabutylammonium)9. So we expect that the [Cu(mnt)9 ] anions in 
-2 + -2 
[Cu(mnt) ] (MB ) 9 will have a planar structure, as in [Cu(mnt) ] 
(tetrabutylammonium).. 
III.В Experimental equipment 
The EPR and ENDOR measurements were performed on a Varian El2 EPR 
instrument equiped with a Varian El 737 ENDOR cavity. A simplified block 
diagram of the EPR-ENDOR spectrometer is shown in fig. 1. The ENDOR components 
added to the standard EPR spectrometer are: a Hewlett Packard 6805A generator 
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Figure 1 Simplified Block diagram of the EPP - ENDOR spectrometer. 
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(О - 110 MHz), which generates the radio frequency (rf); the rf is swept 
with a home-built sweeper and amplified with an ENI 3100L broadband power 
amplifier (100 W, 0.3 - 35. MHz); a PAR 124 A lock-in amplifier is employed 
for FM modulation and phase sensitive detection. The temperature (292 -
4.2 K) was obtained with an Oxford Instruments BK.ESR12 flow cryostat and 
controlled with a temperature controller, model CE5410. For temperatures 
between 4.2 and 2 К a bath-cryostat was used. 
III.B.l Detection and modulation scheme 
Since the ENDOR response in transition metal complexes is normally a 
small fraction of the EPR signal intensity, a good EPR signal to noise 
ratio is required and consequently large single crystals or volumes of 
powders or frozen solutions are needed. The EPR signal is normally observed 
by applying magnetic field modulation and phase sensitive detection to 
discriminate against noise. The effect of this magnetic field modulation on 
the proton ENDOR linewidth is roughly 4.2 kHz per Gauss modulation amplitude. 
Also the rf field can be frequency or amplitude modulated, so either the 
first derivative of the absorption curve or the absorption curve itself is 
measured. 
III.С Molecular orbital calculations 
Information about the geometric and electronic structure of a transition 
metal complex can in principle be obtained from all the parameters which are 
determined in EPR: the g-tensor zerofield splitting, quadrupole and hyperfine 
interactions of the central metal ion and the ligands. To get information 
from the experimental quantities directly is very difficult, or even 
impossible, because too many bonding parameters determine these quantities. 
Therefore, one attempts to estimate the contribution of the metal and ligands 
orbitale to the molecular Orbitals (mo's) of the complex by comparing 
calculated parameters, based on a mo-model, with the experimental ones. 
We have determined the energies and coefficients of the atomic orbitals 
(ao's) of the mo's of the complexes under investigation by means of the 
iterative extended Hiickel method [ 13 ] . A short explanation of the method 
follows and some remarks with respect to the investigated complexes are made. 
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III.C.I The Icao-mo extended HUakel method 
In this method a set of secular equations 
Σ (H. . - E S . .)C. = 0 j i,J ι,J J 
is constructed in a semi-empirical way. H. . and S. . are elements of the 
hamiltonian and overlap matrices, respectively 
H. . «<Q.|h„Jq. > and S. . = < Q. |Q. > i,j ^i1 eff|xj i,j ч1|чз 
where Q. are Slater type ao's (Sto's) and h , f is an effective one electron 
hamiltonian. By solving these secular equations, the orbital energies E, and 
Icao-coefficients C, are obtained. After occupying the lowest mo's in 
agreement with the spimmultiplicity of the ground state, Mulliken charges for 
all atoms are calculated [ 14 J . The charge dependent hamiltonian matrix is 
recalculated with these charges. This procedure is repeated until self 
concistency is reached. 
The basic approach is further: 
1) all atoms in the molecular system can be taken into account. 
2) all valence orbitals on each atom are included in the calculations whether 
these ao's are occupied in the free atom or not. 
3) beforehand no off-diagonal elements in the secular determinant are set 
equal to zero. 
4) overlap integrals S. . are calculated between all pairs of orbitals Q. and 
i.J ι 
Q. on all pairs of atoms. Therefore the molecular geometry, in terms of 
bond lengths and angles, is needed. 
5) diagonal elements H.. are approximated by: 
H.. = -a. - kg.q - k 2Y.q 2 0 < к < 1 
ii ι ι а ι а 
where a. is the valence state ionisation energy (VSIE) of orbital Q.: q 
is the Mulliken charge of atom a on which the orbital Q. is centred; 
2 2 1 kß.q + к y.q describes the charge dependency of the VSIE. α, β and γ i a ι a 
are taken from ref. I 15 ] or calculated from the data in ref. [ 16 ] . The 
parameter к accounts for the influence of the surrounding atoms on H... 
6) off-diagonal elements H.. are assigned numerical values based on the 
Wolfberg-Helmholtz relation [ 17 ] 
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H. . = 1/2 К S. . (H. . + H. .) 
ij ij и- JJ 
Because the Sto's are only used to calculate the overlap matrix elements, 
it is sufficient to retain only the terms with the highest power of r and 
restrict the sum of exponentials for s and ρ functions to one term: 
R , = с r e and for d functions to two terms: 
-1 
R , = r (c,e ' + c„e ' ). The values of c. and ζ. were obtained from 
nl 1 2 i i 
the literature [ 18 ] . These non-core-orthogonalized Sto's are not 
appropriate for the calculation of the spin density at the nuclei 
-3 (isotropic hf) or the expectation values of r (anisotropic hf). These 
are therefore calculated with core-orthogonalized, multiple exponent 
Sto's [ 18 ] and adapted as parameters in the calculation of the various 
tensors. 
The elements of the g- and Α-tensors are calculated according to the 
formulas derived in ref. [ 6 ] : 
< xk|ç. (rk)Lk|xk > < ψ |Lk'|xk' > 
gaß 6 β "Ζ е тфп k,k' ε
η
 -
 e m 
and jK 
F K R 2 < ψ Ι ξ. (г V i Φ ><Ψ 1 "Ì3 l *n > 
аё ^ п ^ к З ^ п
 т
ф
п k
 е
п "
 e
m 
+ ЪА _ _ ñ
 } ь 
η m 
III.С.2 Notes about the investigated compounds 
As is pointed out in ref. [6 ] the best choice of the empirical 
parameters in the calculation on Cu(dedtc)_ with the crystal structure of 
the Ni host is К = 2.5 and k = 0.0 (this means that the charge dependency of 
H.. is cancelled by the surrounding atoms and that consecutively no iteration 
has to be performed). In the calculation of multi-centre contributions to the 
hf interactions of the system (chapter IV) spin densities from old mo 
calculations [ 6 ] , in which the ethyl groups are retained and replaced by 
protons, were used. 
-2 
In the mo calculations on the [Cu(mnt) ] systems the same empirical 
parameters are kept. Small changes in these parameters only shifted the 
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energies of all the important mo's with the same amount. The calculation on 
-2 . . 
the planar [ Cu(nmt) ] anion did not show a good result in first instance. 
Three mo's, two with more ligand character, one of them contains the unpaired 
electron, and one with mostly metal d character are almost degenerate. So 
' xy ь 
no reasonable g- and Α-tensors are calculated. Minor elongation of the Cu-S 
and/or C-C bond in the coordinated ring systems improved the calculation 
significantly. The unpaired electron then resides in the mo with mostly metal 
3d character as expected and reasonable g- and Α-tensors are calculated. 
xy r 
This effect is probably due to the strong covalency of the compound. 
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CHAPTER IV* 
MULTI-CENTRE CONTRIBUTIONS TO THE ANISOTROPIC HYPERFINE INTERACTIONS 
IN THE Cu(II) BIS(DITHIOCARBAMATE) COMPLEX. PROTON HYPERFINE COUPLINGS 
С Ρ KEIJZERS and D SNAATHORST 
Department of Pin steal Chcmistn University ofNi/megen. 
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One-, two- and three-centre, first-order contributions to the hyperfinc coupling tensors of the central metal atom and of 
the ligand jtonis in OuUDbislN.N-dlcthyldithiotarbjmate) arc calculated Conclusions arc dra»η on the relative magnitude 
of the multi-centre and the one-centre contributions The multi centre contributions arc always small and arc of importance 
onl} if the one centre contributions are negligible themselves The latter holds especially for the anisotropic coupling ten­
sors ol the protons the calculated two- and three centre contributions agree very well with the experimental values 
1. Introduction 
The origin of the so-called "spin flip" transitions 
which arc observed in Cu(II)bis(diethyldithiophos-
phatc) [1] and in Cu(Il)bis(N,N-dielhyldilhio-
carbamate) [2,3] is a small dipolar interaction between 
the nuclear spins of the protons in the hgands of these 
complexes and the spin of the unpaired electron [4] 
The observation of these transitions and the experi­
mental determination of the proton hyperfine couplings 
in the dithiocarbamale complex by means of electron 
nuclear double resonance [5,6], renewed our interest 
in the calculation of multi-centre contributions to the 
anisotropic hyperfine couplings Usually, the aniso­
tropic hyperfine coupling in ESR spectra of metal com­
plexes is interpreted by considering only one-centre 
contributions. Only a few times have off-centre contri­
butions been considered For instance, two-centre con­
tributions for ligand-alom hyperfine couplings in oxy-
halides of chromium, molybdenum and tungsten were 
calculated by van Kemenadc [7,8] Part of the two-
centre contributions to the central metal atom hyper­
fine coupling in tetragonal copper complexes was cal­
culated by Lupei and McMillan [9] The latter authors 
made the assumption that the remaining two-centre 
contributions would be negligibly small. All calculations 
just mentioned made use of Slater-type orbilals (STO's) 
which makes the calculation of two- and three-centre 
integrals extremely difficult Therefore, it seemed 
worthwhile to look for an easier procedure for the cal­
culation of these integrals In this paper we make use 
of an already existing and commonly available program 
package, which is based on gaussian-lype orbitals 
(GTO's). Since the spin densities are obtained from an 
extended Huckel molecular orbital calculation, based 
on STO's, a basis set transformation has to be carried 
out The method is outlined in section 2 
The molecule Cu(II)bis(N,N-diethyldithiocarbamate) 
HjC 
HjC 
\ , Н ь 
Η . ' \ 
S ' 
/χ 
к/ 
Hf \ 
CHj 
CHj 
seems to be a very suitable one to test the importance 
of multi-centre contributions because the hyperfinc 
coupling tensors of copper [10], sulphur [2] and the 
methylene protons [5,6] are known and spin densities 
are calculated by various molecular orbital methods 
extended Huckel [11-13], Hartree-Fock-Slater [14] 
and ab initio Hartree-Fock [15] These calculations 
yield a highly covalent molecule, with about 50% of the 
unpaired electron density located on the ligand sulphur 
Reprinted from: Chemical Physios Letters 69, 2 (1980) 348 - 653 
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atoms Therefore, the method is tested for the metal 
atom hyperfine coupling, and for ligand atoms with 
and without an appreciable spin density The results 
are presented and discussed in section 3 
2 Method 
Copper bis(dithiocarbamate) has a spin-doublet 
ground state with no orbital degeneracy (it would be 
Cu 3d9 if the complex were completely ionic) If we 
denote the MO of the unpaired electron by φ0, then 
the isotropic hyperfine coupling with nucleus N can 
be written as 
a
N = (8W3)(M 0 /4 f f )^i N M b M n ^ 0 |«(r N = 0)№0>> (1) 
where μ0 is the permeability of free space, μ,, is the 
Bohr magneton, μ
η
 the nuclear magneton,g
e
 the free-
electron Rvalue and£N the gyromagnetic ratio of 
nucleus N If φ0 is expanded as a linear combination 
of atomic orbitals 0( centered on nuclei A, then eq 
(1) can be rewritten 
J N = ( β π ^ Η μ ο ^ π ^ Ν μ , , μ , , 
χ Σ Σ Σ Σ <c(
A
n
A|5(rN=o)ic>,B: 
А В ¡SA уев ' ' ' ' 
^ 2 . 1 + β 2.2 + β 3 " Ι ' "2,  ' "2,2 ' u 3 · ( 2 ) 
where а^  and а^ are the one- and three-centre contri­
butions respectively a^ j and a^ , are two-centre con­
tributions, flj J having one atomic orbital centered on 
nucleus N (A'or В = N) and о?
 1 having both orbitals 
centered on the same nucleus, not being N (A = B^N) 
Expressions for first- and second-order contributions 
to the anisotropic hyperfine coupling are derived in refs 
[12,16] Since the second-order contributions are, in 
general, much smaller than (he first-order term, we only 
calculate the latter, assuming that the effect of two-
and three-centre contributions to the second-order 
terms is negligible for the hyperfine coupling as a whole 
The first-order contribution is brought about by the 
electron spin-nuclear spin dipole-dipole interaction 
and can be expressed as 
A» = (μ0|4π)gegNμъμπЦ0\F*|rl\ψ0) 
= (<)l+(<)2,l+(<)2,2 + K ) 3 ' О) 
where ι, / are x, y, ζ and F^j is a component of a sym­
metrical traceless tensor operator, related to the dipo­
lar interaction The definition of the multi-centre parts 
is similar to the one in eq (2) 
The spin densities which are used to calculate the 
hyperfine couplings are obtained from extended 
Huckel calculations For the molecular geometry, the 
structure of the crystalline Ni complex [17] (which 
was used as the host in the ESR experiments) is used, 
keeping the actual C, symmetry In the calculations 
which were published earlier [11-13], the ethyl 
groups were replaced by protons In a new calculation, 
the full ethyl groups were retained Table 1 lists the 
resulting atomic orbital coefficients C, in the MO of 
Tabic 1 
Coefficients of atomiL· orbitals in MO of unpaired electron as 
obtained from extended Huckel calculations 
Cu 
Si 
S2 
Ci 
N 
Ha 
Hb 
He 
Hd 
4s 
3d
z
2 
ЪЛхг 
3d
x
2 _yi 
3d y r 
Ъйху 
3s 
3Pz 
зр* 
ЗРу 
3s 
3Pz 
3Px 
Зр^, 
2s 
2p
z 
2Ρχ 
2py 
2s 
2Pz 
2Px 
2p, 
Is 
Is 
Is 
Is 
a) 
0 0049 
0 0011 
0 0001 
-0 0007 
0 0024 
0 7282 
-0 1133 
-0 0055 
0 3758 
0 2285 
0 1112 
0 0048 
-0 3724 
0 2298 
-0 0005 
0 0006 
0 0004 
-0 0855 
0 0003 
0 0005 
-0 0009 
-0 0261 
b) 
0 0051 
0 0012 
0 0053 
-0 0002 
0 0025 
0 7184 
-0 1113 
-0 0185 
0 3761 
0 2313 
0 1089 
-0 0071 
-0 3738 
0 2324 
-0 0005 
0 0216 
0 0018 
-0 0812 
-0 0001 
0 0016 
-0 0012 
-0 0089 
-0 0090 
0 0060 
0 0095 
-0 0061 
a) Calculation with ethyl groups replaced by protons [12,13) 
b) Full ethyl groups retained 
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the unpaired electron, ψ0, for both calculations. Com­
parison of these data shows that the coelTicients of 
copper and sulphur (where almost 100% of the spin 
density is located) are not sensitive to a change in alkyl 
groups 
The basis set of the extended Huckel calculation 
consists of single-¿eta.non-core-orthogonali¿ed Slater-
type orbitals (STO's), except the copper 3d orbital 
for which a doublc-zeta function is used Since the or-
bitals are not core-orthogonalized, they are not ap-
propriate for the calculation of the spin density at the 
nucleus (isotropic hyperfine coupling) or the expecta-
tion values of r - 3 (anisotropic coupling) Therefore, 
for the calculation of these values the basis functions 
are usually replaced by core-orthogonalized double-
tor more) zeta STO's. 
For the calculations in this paper, the coefficients 
of the tesserai d-functions (as obtained from the ex-
tended Huckel calculation) arc first transformed into 
coefficients ot cartesian d-functions. Subsequently, 
the single-zcta, non-core-orlhogonahzed, STO's are 
extended to double-zeta, core-orthogonalized STO's 
[18] retaining the Huckel MO coefficients for these 
extended STO's. Finally, each STO is expanded as a 
linear combination of 5 gaussian-typc orbitals (GTO's) 
using the exponents and coefficients from Stewart's 
maximum overlap fits [19] These expansions are sub-
stituted into the MO of the unpaired electron, and the 
components of the hyperfine coupling tensors are 
calculated with the property package of the program 
POLYATOM [20], which calculates all multi-centre 
contributions. In fact, the components of the electric 
Table 2 
Experimental and calculated hyperfine splittings (in IO-4 cm -1) 
Atom 
Cu A x 
Ay 
Az 
a 
S / 1 , 
Αι 
Ai 
a 
Ci Αχ 
Ay 
¿ζ 
a 
Ν Αχ 
Ay 
Αζ 
α 
Experimental3) 
43 0 
37.0 
-βο.ο 
- 7 9 0 
10.2 
-5.9 
- 4 . 3 
11.6 
STO 
1st + 2nd order 
1-centre 
40.6 b) 
39.9 
-80.5 
10.3b) 
- 5 . 2 
-5.1 
11.7 
-0.23 
0.45 
-0.22 
0.00 
-0.01 
0.02 
- 0 01 
0.00 
1st order 
1 centre 
47 9 b) 
47.9 
-95.7 
10.3b) 
-5.1 
- 5 1 
117 
-0.22 
0.44 
-0.22 
0 00 
- 0 01 
0.02 
-0.01 
0.00 
STO 5GTO First order«) 
1-centre 
Al> »1 
47.8 
47.4 
- 9 5 . 3 
9 94 
- 4 97 
- 4 97 
8.53 
-0.21 
0 42 
-0.21 
0.00 
-0.01 
0.02 
-0.01 
0.00 
2-centre 
" 4 2 , 1 . " 2 , | C ) 
0.6 
0 3 
- 0 9 
0 26 
- 0 10 
- 0 . 1 6 
0 00 
0.69 
-0.07 
-0 .62 
0.00 
0.08 
-0.02 
-0.06 
0 00 
2-ccnlrc 
/ l 2 , 2 . ' ' 2 , 2 d ) 
-1.1 
-0.4 
1.5 
-0.14 
0 06 
0.08 
-0.11 
0 11 
- 0 16 
0 05 
0.00 
0 00 
0 00 
0.00 
0.00 
3-ccntre 
Ay,іі
г 
-0.2 
-0 ι 
0 3 
0.00 
- 0 . 0 3 
0 03 
0.00 
-0.35 
0.15 
0.20 
0.00 
-0.03 
0.01 
0.02 
0 00 
total 
47.3 
47.1 
- 9 4 4 
10.04 
-5.01 
-5.04 
8.42 
0.25 
0.35 
-0.59 
0.00 
0.04 
0.01 
-0.05 
0.00 
a) Experimental values for copper from rcf. [4] and for sulphur from ref. [5]. The carbon splitting cued in ref. (5) is actually a 
hydrogen spin-Πιρ transition. 
·>) From ref. |6) 
c ) Two-centre terms with bra and kel functions centered on the same atom, not being the atom of which the hyperfine splitting is 
calculated. 
d) Two-centre terms with either bra or the kel function centered on the atom of which the hyperfine splitting is calculated. 
e> Each column lists the principal values of the one- or multi-centre contribution to the hyperfine splitting tensors. Tor the calcula­
tion of the total principal values, these tensors were added and this total tensor was subsequently diagonalized. 
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field gradient tensor are calculated with this program 
but, since the integrals for electric field gradient and 
for the spin—spin hyperfine coupling are identical, 
except for constants, it is very simple to obtain the 
first order hyperfine coupling tensor from the electric 
field gradient tensor 
3 Results and discussion 
The hy perfine coupling tensors are calculated with 
the spin densities obtained from the extended Huckel 
calculation without the ethyl groups The reason for 
omitting the ethyl groups is that all MO calculations 
carried out on this molecule [11—15] show that the 
spin density is almost entirely located on the copper 
and sulphur atoms Therefore, it is to be expected that 
the minor spin densities in the ethyl groups will have 
a negligible effect on the calculated hyperfine couplings 
On the other hand, however, the number of atomic 
orbitals is reduced by a factor of two in this way, thus 
reducing the amount of computation time appreciably 
The calculated tensors for copper, sulphur, carbon 
and nitrogen are listed m table 2 The tensors of the 
methylene protons arc presented in table 3 Since the 
complex has C, symmetry, there are two independent 
sulphur atoms Table 2 lists only the results for the 
atom with the larger copper sulphur bond distance 
For comparison the tables also contain the experi­
mental tensors of copper, sulphur and the protons, and 
the tensors as calculated previously using STO's As 
outlined above, in the latter calculation only one-centre 
contributions were calculated and values for (r^ ) and 
|ψ(>
Ν
 = 0) | 2 were obtained from core orthogonah/cd 
double-¿eta STO's 
The quality of the STO 5GTO fit can be judged 
Tabic 3 
Experimental and calculated proton h>perfine splittings (in IO-4 cm-1) 
Proton 
Ha Al 
Ai 
Аз 
a 
Hb Αι 
Αι 
Аз 
a 
He A, 
Ai 
Аз 
a 
Hd Ai 
Ai 
Аз 
в 
Experimental2) 
values 
0 30 
- 0 15 
- 0 15 
0 63 
0 80 
- 0 25 
- 0 55 
0 27 
0 32 
- 0 15 
- 0 16 
0 57 
0 87 
- 0 24 
- 0 63 
0 23 
diiections b) 
X 
18 
87 
72 
20 
73 
80 
5 
94 
94 
2 
91 
88 
У 
97 
15 
77 
101 
29 
116 
90 
42 
132 
88 
24 
113 
г 
106 
105 
23 
107 
68 
28 
85 
49 
42 
91 
66 
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STO 5 СТО 
2 centre Ό 
Αι 1 
0 42 
- 0 19 
- 0 23 
106 
- 0 48 
- 0 58 
0 4 1 
- 0 19 
- 0 23 
107 
- 0 48 
- 0 58 
first order d ) 
3 centre 
•43 
- 0 13 
0 06 
0 07 
- 0 30 
0 14 
0 16 
- 0 13 
0 06 
0 07 
- 0 30 
0 14 
0 16 
total 
0 29 
- 0 13 
- 0 16 
0 039 е ) 
0 77 
- 0 35 
- 0 42 
ООП«) 
0 28 
- 0 12 
- 0 16 
0 038 e) 
0 78 
- 0 36 
0 42 
0 018=) 
ducctionsb) 
JC 
13 
82 
80 
22 
76 
74 
8 
98 
92 
17 
107 
94 
У 
99 
9 
89 
107 
19 
82 
82 
9 
90 
73 
17 
88 
ζ 
99 
93 
10 
103 
102 
18 
88 
91 
2 
87 
94 
5 
a) Experimental values from re f s [5,6] 
b) Directions (in degrees) of principal axes with respect to the molecular coordinate system 
c) Two-centre terms with bra and ket functions centered on the same atom, not being the proton of which the hyperfine split ting 
is calculated 
d) The fust two columns list the principal values of the two and the three-centre contribution to the hyperfine splitting tensors 
For the calculation of the total principal values, these tensors were added and subsequently the total tensor was diagonalized 
e) One-centre contribution only (see text) 
23 
from a comparison of the one-centre contributions, 
calculated with the STO's and with the GTO expansion 
Table 2 shows that the anisotropic couplings do not 
deviate more than 5%, indicating that the fits are very 
satisfactory The fact that the isotropic couplings de­
viate by 30% is not surprising, since it is well known 
that gaussians do not obey the correct cusp condition 
at the nucleus It is not to be expected that this will 
have any major influence on the calculated anisotropic 
coupling The isotropic coupling of copper is mainly 
determined by the spin polarization of the inner-core 
s-orbitals and cannot be calculated with this spin-
restricted method 
3 1 Copper, sulphur 
These atoms have an appreciable spin density. 
Therefore, the two- and three-centre contributions 
are negligible as compared to the one-centre term 
The results show that the two different two-centre 
contributions are of the same order of magnitude but 
with a different sign Therefore, the statement of 
Lupei and McMillan [9] that "-42 2 l s a t ' e a s t o n e 
order of magnitude larger than A 2 1" is not valid Our 
results show that it could be a better approximation 
to neglect both two-centre contributions than to cal­
culate one of them 
3 2 Carbon, mtrogen 
For carbon and nitrogen, the one-centre term is 
much smaller than the multi-centre contributions, be­
cause of their minor spin density Table 1 shows that 
the spin densities of these atoms are influenced by the 
replacement of the ethyl groups by protons For 
nitrogen, this resulted in an overestimation of the hy-
perfine splitting, but even so it is too small to be meas­
ured For carbon, the three-centre contribution and 
^ i . a r e not altered if the spin densities of the calcula­
tion with the ethyl groups are used The one-centre con­
tribution inAAi 2 change by about 10-20%, leaving 
the conclusion that the multi centre contributions 
dominate the one-centre term unchanged The resulting 
couplings of both atoms are too small to be observed 
with ESR, which agrees with the conclusion of Stoklosa 
and Wasson that the " C splitting is buried in the copper 
hyperfine linewidth [21] It is to be expected that the 
coupbng of carbon can be observed with the ENDOR 
technique 
3 3 Protons 
Table 3 lists the hyperfine coupling tensors of the 
methylene protons, determined by ENDOR In order 
to simplify the ENDOR spectra, the methyl groups in 
the hgands were deulerated Therefore, only the ten­
sors of the methylene protons were measured The ten­
sors of H
a
 and H
c
 are almost axially symmetric, hence 
the errors in the experimentally determined directions 
of Λ J and/із of these protons must be large It is 
striking that the experiment shows that one proton of 
each methylene group has a relatively large anisotropic 
coupling while the other one has a larger isotropic 
coupling 
Table 3 also contains the calculated anisotropic and 
isotropic couplings Comparison with the experimental 
couplings shows that the anisotropic tensors are repro­
duced quantitatively The isotropic splittings are too 
small by a factor of 13-16, and hence the coefficients 
of the hydrogen 1 s Orbitals in the Huckel calculation 
with the full ethyl groups (table 1) must be too small 
by a factor of four The relative magnitude of the two 
larger and the two smaller couplings is correctly re­
produced, however Although it is not to be expected 
that spin densities at a large distance from the para­
magnetic centre are calculated well with the extended 
Huckel method, the qualitative agreement of the iso­
tropic couplings with the experiment is very satis­
factory 
Table 3 shows that the neglect of the three-centre 
contributions to Ihe proton couplings would result in 
an error of 25-30% in the principal values, thus prov­
ing the necessity of calculating all multi-centre contri­
butions The directions of the principal axes are cal­
culated within 4° if only the two-centre contributions 
are taken into account, so that in this molecule the 
three-centre terms can be neglected for this purpose 
Finally, the conclusion can be drawn that the 
method which we have used enables the calculation of 
all multi-centre contributions to the first-order term 
of metal and ligand hyperfine splittings with great ease, 
proMded that the molecular orbital of the unpaired 
electron is reasonably well known Use was made of an 
IBM 370/158 computer The calculation of the tensor 
for one atom takes about 30 mm CPU tune, the GTO 
basis has a dimension of about 350 
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CHAPTER V* 
Proton ENDOR study of copper(II) bis(dithiocarbamate) 
by D SNAATHORST, С Ρ KEIJZERS, A A K KLAASSEN, 
E DE BOER, V Ρ CHACKO and R G O M P E R T S 
Department of Physical Chemistry, University of Nijmegen, 
Toernooiveld, 6525 ED Nijmegen, The Netherlands 
(Received 12 December 1979) 
The proton hyperfine coupling tensors of the methylene protons in 
methyl-deuterated copper(II) bis(N N-diethyldithiocarbamate) m a dia-
magnetic host crystal of the corresponding nickel complex have been 
measured by ENDOR spectroscopy Two intermolecular and all four intra­
molecular proton coupling tensors could be determined With the aid of 
spin densities, obtained from extended Huckel molecular orbital calculations, 
the anisotropic part of the tensors can be reproduced quantitatively, taking 
into account all two- and three-centre contributions Comparison of the 
transition frequencies which are computed from the theoretical tensors with 
the experimental transitions enables the tracing of another five tensors which 
cannot be completely determined experimentally 
1 INTRODUCTION 
The observation of so-called spin flip transitions in the E S R spectra of 
bis(diethyldithiophosphato) Cu(II) [1] and m bis(N,N-diethyldithiocarbamato) 
Cu(I I) [2, 3] renewed our interest in these complexes 1 he spin flip transitions 
can be observed if the proton hyperfine coupling (hfc) is much smaller than the 
proton Zeeman energy [4] In that case the hfc is usually smaller than the 
E S R linewidth and cannot be measured But, the E S R transitions for­
bidden in first order (spin flips) do have a finite transition probability They 
are observed at a distance equal to the proton Zeeman energy from the centre of 
the two coinciding allowed transitions In principle, the intensity of a spin flip 
transition is a measure for the magnitude of the hfc [4] However, the position 
of these transitions is independent of the magnitude of the hfc Therefore, the 
presence of more than one proton in the system prevents the use of the spin 
flips to determine the hfcs It seemed to be worthwhile to measure the proton 
hfc tensors directly with the ENDOR technique Since the dithophosphato 
hgand reduces Cu(II) to Cu(I) within a few days, the measurements were 
performed on e 3 Cu bis(N,N-diethyldithiocarbamate), doped into a single crystal 
of the corresponding diamagnetic Ni(II) complex The molecular structure is 
shown in figure 1. In order to reduce the number of ENDOR transitions, the 
methyl groups of the ethyl substituents were deuterated The synthesis and 
the experimental procedure is outlined in § 2 The experimental results are 
presented and discussed in § 3 In § 4, the method which is applied for the 
calculation of the hfc tensors from the known [5, 6] spin densities on the central 
copper-sulphur part of the molecule is outlined The calculated hfcs are 
compared with the experimental values and discussed in the same section 
Some concluding remarks are made in § 5 
* Reprinted from: Molecular Physics 40, 3 (1980) 585 - 569 
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Figure 1 Molecular structure of the host molecule N1 bis(N N-diethyldithiocarbamate) 
[10] and coordinate system 
2 EXPERIMENTAL 
Doped single crystals of the nickel complex with about one mol per cent of 
e3Cu were grown from a saturated solution in chloroform The complexes were 
prepared according to the literature [7], using commercially available di(ethyl-
2,2,2^3) amine (Merck, Sharp & Dohme) and e3CuO (Oak Ridge National 
Laboratories) The dimensions of the crystal which was used in the ENDOR 
measurements were about 1 x 2 x 2 mm The ENDOR spectra were recorded 
in three orthogonal but arbitrary planes All tensors were measured relative to 
the position of the ^ -tensor From previous E S R measurements [8] the latter 
is known to be located along the (approximate) two-fold symmetry axes of the 
molecule The coordinate system is indicated in figure 1 Because of the 
complexity of the rotation patterns (cf figure 5), spectra were measured every 2° 
The ENDOR spectrometer consists of a Vanan E12 E S R instrument with 
a Vanan El 737 ENDOR cavity The r f frequency is generated with a Hewlett 
Packard 6805A generator sweeper (0-110 MHz), swept with a home-built 
sweeper and amplified with an ENI 3100L broadband power amplifier (100 W) 
The r f amplitude ranged from 2-3 G The external magnetic field is modulated 
at 100 kHz and the г f frequency is FM modulated at 10 Hz Two lock-in 
amplifiers are used for the detection of the signal the E12 lock-m (100 kHz) 
and a PAR 124A (10 Hz) The microwave frequency is measured with a 
Hewlett Packard S246L counter, equipped with a 5255A plug in unit The d с 
magnetic field is measured with a Bruker B-NM12 gauss-meter 
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The ENDOR spectra were measured at a temperature of 25 K. The signal 
intensities decreased rapidly above 30 К and below 20 K. The temperature 
was obtained and controlled with an Oxford Instruments BK-ESR12 flow 
cryostat. 
3. EXPERIMENTAL RESULTS 
3.1. E.S.R. spectra 
The crystal structure of the host crystal is monoclinic, space group P 2,/ c, 
with two magnetically non-equivalent molecules in the unit cell [8]. A projec­
tion of the structure in the be plane is shown in figure 2. 
A typical E.S.R. spectrum at 25 К with the magnetic field located in the ac 
plane, in which the two molecules are magnetically equivalent, is shown in 
figure 3. The spin flip transitions are clearly discernible. 
Figure 2. Projection in be plane of the structure of the host crystal Ni bis(N,N-diethyl-
dithiocarbamate) [10]. 
The E.S.R. data at 25 К were analysed with a modified version of the 
program ' SPINHAM ' [9]. The resulting principal ^-factors and copper 
hfes are listed in table 1, together with the values measured previously by Weeks 
and Fackler at room temperature [10]. At both temperatures, the tensors are 
nearly coincident. From the angles between the principal axes and the crystallo-
graphic ¿-axis, it can be concluded that the tensors are located along the ap-
proximate two-fold symmetry axes of the molecule. The angle with the fr-axis 
was determined, by utilizing the fact that the ¿-axis is a two-fold symmetry axis 
between the two magnetically non-equivalent sites. The principal ^-tensor axes 
are used as the reference system for the hfc tensors. 
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w 
AC - PLANE 
f 
Figure 3. E.S.R. spectrum of Cu bie(NpN-diethyldithiocarbamate) doped into a single 
crystal of the corresponding nickel complex. The external magnetic field is located 
in the ac plane Spin flip transitions are marked with arrows. 
Table 1. Experimental principal ¿-factors and copper hyperfine couplings in units of 
IO"4 cm"1. 
Values 
25 Kt 
Angle with 
6-axis 
Room temperature J 
Values 
Angle with 
6-axis 
«I 
i n 
gvv 
g" 
Λ«/(10-« cm-1) 
yWaO-« cm"1) 
/WOO-« cm"1) 
Л.«,ч./(10-« cm-1) 
2017 
2-020 
2084 
42-6 
41-4 
- 8 4 0 
-84-5 
44-4 
1241 
63 8 
47 6 
120 8 
63-4 
2020 
2-025 
2-080 
4 3 0 
3 7 0 
- 8 0 0 
-79-0 
43-5 
61-7 
45-3 
1230 
62-8 
46-8 
123-7 
6 2 0 
t This paper. 
X Reference [10]. 
| These axes are indicated in figure 1 in a nght-handed coordinate system. 
2 9 
ц Д і И М і 
il l ' I / . 1-
! il i i 
0 5 МНг 
Figure 4. A typical ENDOR spectrum at 25 К. 
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Figure 5. Angular variation of ENDOR frequencies in one plane. The experimental 
frequencies are scaled to a free proton frequency of 13 MHz. The solid lines are 
the couplings of six protons which could be fitted with the hamiltonian (1). 
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3 2 ENDOR spectra 
A typical ENDOR spectrum is shown in figure 4 Because of the FM 
modulation technique, the signals have a first derivarne hneshape The line-
widths are on the order of 25 kHz, the accuracy of the measured transition fre­
quencies is about 5 kHz The angular variation of the ENDOR frequencies in 
one of the three measured planes is shown in figure 5 For this figure (and for 
figure 6), the experimental frequencies have been scaled to a free proton fre­
quency of 13 MHz 
The ENDOR data were analysed for each proton individually, with the spin 
hamiltoman 
Η = μ
Β
Β g 5 - £
Η
μ
Λ
Β I + I A S (1) 
In this hamiltoman, the following two approximations are made 
(а) interactions of the copper nucleus (Zeeman, hyperfine and quadrupole) 
are neglected They contribute in second order to the ENDOR fre­
quencies Hence, their omission is not a cause of significant error In 
fact, the ENDOR frequencies which were obtained by saturating different 
copper hyperfine lines in one E S R spectrum were identical, after 
scaling to a constant magnetic field value , 
(б) the observed proton-proton dipolar coupling is neglected, which enables 
the separate analysis of the spectra for each proton The maximum 
splitting for two protons in one methylene group is only 64 kHz There­
fore, these splittings can be observed only in some directions of the 
magnetic field (see figure 5), thus making a precise determination of the 
tensor impossible The splittings were, however, most helpful for the 
assignment of the measured hfc tensors to the protons in one methylene 
group In the analysis of the ENDOR data, the average of the two 
frequencies was used 
The data were treated with the computer program ' PENDOR ' that 
diagonalizes the 4 x 4 hamiltoman matrix ' P E N D O R ' is a function sub­
routine of the minimization program ' M I N U I T S ' It minimizes the error 
function 
f J ν J 1(2 
* lÄf Σ (''Observed - " calculated) f (2) 
by varying the elements of the proton hfc tensor (The ^-tensor in the 
laboratory system is known from the E S R data ) The principal values of the 
tensors and their directions relative to the ^-tensor principal axes are shown m 
table 2 On the basis of their, relatively, large isotropic coupling, the first four 
tensors were thought to belong to the four independent intramolecular methylene 
protons The idea is that the intramolecular protons can have a small spin 
density, whereas the density of the unpaired electron on the protons of neigh­
bouring molecules is expected to be zero The theoretical tensors ( § 4 ) were 
used for the assignment of the experimental tensors and for the choice of the 
signs of the principal values In this way, the isotropic coupling of the intra­
molecular protons is indeed positive, indicating a positive spin density An 
indication of the accuracy for the tensors is the goodness of fit parameter (2) 
it ranges from 0 009 to 0 027 χ 10~4 c m - 1 for the six tensors which could be 
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Äi-if 
Figure 6 Angular variation in three planes of measured (dots) and calculated (solid lines) 
ENDOR frequencies of those tensors which could not be measured in all three 
planes The frequencies are scaled to a frequency of 13 MHz for a free proton. 
For the sake of clanty, only one of the two calculated frequencies is plotted for every 
tensor. 
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Table 2 Experimentally determmed and calculated proton hyptrfine coupling tensors (in 10 ' cm - 1 ) 
A denotes the paramagnetic molecule, В the second molecule in the unit cell The molecules 
С and D are from adjacent cells, their positions are obtained from those of A and В by a transla­
tion along the α-axis For the numbering of the protons sec figures 1 and 2 
Proton Distance'Al 
A 
А
г 
A, 
Ano 
Аг 
Аг 
A, 
Aüe 
Аг 
А
г 
A% 
Л ISO 
Аг 
А, 
А, 
Also 
Аг 
Аг 
А, 
Also 
Аг 
А, 
Аг 
Aíao 
Аг 
А, 
Аг 
Аг 
А, 
А3 
А, 
А, 
А, 
Аг 
Аг 
А, 
Calculatedt 
Principal values 
2-centre 
0 40 
- 0 18 
- 0 22 
105 
- 0 48 
- 0 57 
0 4 0 
- 0 18 
- 0 22 
105 
- 0 48 
- 0 57 
2 14 
- 1 0 4 
- 1 10 
102 
- 0 48 
- 0 54 
0 58 
- 0 28 
- 0 30 
0 28 
- 0 14 
- 0 14 
0 35 
- 0 17 
- 0 18 
0 73 
- 0 33 
- 0 34 
3-centre 
- 0 11 
0 05 
0 06 
- 0 21 
0 10 
011 
- 0 1 1 
0 05 
0 06 
- 0 21 
0 10 
011 
- 0 66 
0 33 
0 34 
- 0 34 
0 17 
0 17 
- 0 18 
0 0 9 
0 09 
- 0 08 
0 0 4 
0 04 
- 0 09 
0 04 
0 05 
- 0 22 
011 
011 
Total 
0 30 
- 0 13 
- 0 17 
0 84 
- 0 38 
- 0 46 
0 30 
- 0 1 3 
- 0 17 
0 85 
- 0 39 
- 0 46 
1 47 
- 0 71 
- 0 76 
0 68 
- 0 3 1 
- 0 36 
0 39 
- 0 1 9 
- 0 20 
0 19 
- 0 09 
- 0 10 
0 26 
- 0 13 
- 0 13 
0 53 
- 0 23 
- 0 30 
X 
13 
82 
80 
22 
75 
74 
8 
98 
92 
18 
108 
94 
86 
5 
90 
85 
170 
99 
77 
159 
73 
73 
20 
101 
56 
35 
98 
69 
30 
112 
\ngles 
У 
98 
8 
89 
107 
19 
83 
82 
8 
90 
72 
18 
88 
91 
90 
1 
69 
97 
22 
72 
103 
158 
82 
81 
12 
133 
69 
129 
132 
93 
138 
ζ 
100 
93 
10 
104 
101 
18 
88 
91 
2 
86 
93 
5 
5 
95 
89 
158 
98 
70 
22 
73 
76 
19 
108 
95 
118 
64 
41 
131 
60 
56 
Experimental 
Principal 
values 
0 30 
- 0 І 5 
- 0 15 
0 63 
0 80 
- 0 25 
- 0 55 
0 27 
0 32 
- 0 1 5 
- 0 16 
0 57 
0 87 
- 0 24 
- 0 63 
0 23 
1 52 
- 0 70 
- 0 82 
0 0 6 
0 76 
- 0 3 2 
- 0 4 4 
0 01 
X 
18 
87 
72 
20 
73 
80 
5 
94 
94 
2 
91 
88 
84 
7 
91 
85 
174 
94 
ingles 
У 
97 
15 
77 
101 
29 
116 
90 
42 
132 
88 
24 
113 
92 
89 
2 
68 
92 
22 
i 
г 
106 
105 
23 
107 
68 
28 
85 
49 
42 
91 
66 
24 
7 
96 
88 
157 
96 
68 
20Λ 
21A 
30A 
ПА 
20В 
21В 
30В 
31В 
30С 
31С 
5 82 
4 66 
5 85 
4 71 
2 63 
3 68 
4 62 
6 05 
6 08 
4-58 
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Table 2 {conttnued) 
Proton Distance/Al 
Αι 
A2 
A, 
At 
At 
Аг 
Ai 
Аг 
A, 
Cale jlatedf 
Principal values 
2-centre 
0 42 
- 0 19 
- 0 23 
0 92 
- 0 37 
- 0 55 
0 43 
- 0 20 
- 0 23 
3-centre 
- 0 12 
0 06 
0 06 
- 0 31 
0 15 
0 16 
- 0 14 
0 07 
0 07 
Total 
0 30 
- 0 13 
- 0 17 
0 60 
- 0 22 
- 0 38 
0 29 
- 0 13 
- 0 1 6 
X 
78 
168 
90 
85 
172 
97 
90 
178 
92 
Angles 
У 
13 
78 
88 
29 
89 
61 
40 
91 
50 
Experimental 
Principal Angles 
г values χ y 
92 
91 
2 
119 
98 
30 
130 
91 
40 
20D 
30B 
ЗШ 
5 61 
410 
5 31 
t The directions of the principal axes of the two- and three-centre contributions differ by less than 
. Therefore, only principal axes of the total tensors are listed 
J Distance from proton to copper atom in structure of host crystal 
measured. The number of spectra in which the two transitions could be ob­
served ranged from 32 to 58 for the six tensors Many weaker proton couplings 
could be observed in the spectra, but their orientation dependence could not be 
followed in all three planes λ\ e shall return to this point m § 4 
4 COMPUTATION OF THE COUPLING TENSORS AND DISCUSSION 
For a detailed description of the method which is used to compute the hfc-
tensors, we refer to a recent paper [11]. Use is made of the property package of 
the program ' POLY ATOM ' [12] in order to calculate all one-, two- and three-
centre contributions in the expression for the element ij of the hfc tensor of the 
nucleus N : 
^•
v
-£; {«A/WV [<*.! £ ΐ l*.>+y < |^δΚ=ο)μ„>]}, (3) 
where ^ 0 is the molecular orbital of the unpaired electron, which is expanded as 
a linear combination of atomic Orbitals, giving rise to the multi-centre terms. 
F^ is an element of a symmetrical traceless tensor operator, centred on the 
nucleus N. Equation (3) represents the dipolar interaction between the 
spins of the unpaired electron and of the nucleus and the isotropic Fermi-
contact interaction In applying (3), all second order contributions to the 
anisotropic hfc (which arise from spin-orbit coupling [13]) are neglected. 
Although this neglect is serious for the hfc of the copper nucleus, it is not for 
the ligand sulphur nuclei [6], nor is it to be expected for the proton hfes. 
фи is obtained from extended Huckel calculations [5, 6] in which the structure 
of the Ni host-crystal [8] is used for the molecular geometry. It was proven [11] 
that replacement of the ethyl groups by protons does have a negligible effect on 
the calculated spin density distribution . almost 100 per cent of the unpaired 
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electron is located on the central copper-sulphur part of the molecule. The 
calculated spin densities on the remaining ligand atoms are extremely small in 
both calculations. In order to save computer time, only the spin densities of 
copper and sulphur were taken into account for the calculation of the proton 
tensors. The LCAO coefficients in the molecular orbital of the unpaired 
electron are listed in table 3. The very good agreement between the calculated 
and the experimental tensors (see below) justifies the neglect of the remaining 
spin densities. Table 2 contains the calculated tensors of 13 methylene protons 
which have a distance smaller than 6 Â from the copper atom : all four inde-
pendent intramolecular ones (the molecule has Cj symmetry) and nine tensors of 
protons in neighbouring molecules. The data in the table show that the three-
centre contributions must be taken into account in this highly covalent molecule : 
they range from 20 to 33 per cent of the two-centre contributions and have an 
opposite sign. The directions of the principal axes are changed less than 4° by 
the three-centre contributions, therefore they can be omitted if only the principal 
axes have to be calculated. 
Table 3. Coefficients of atomic Orbitals in the molecular orbital of the unpaired electron 
as obtained from extended Hückel calculations. 
4$ 
3<L·' 
Idxz 
idx'-y' 
3dyz 
3dxy 
3s 
ìpz 
3px 
3py 
3s 
3pz 
3px 
3py 
(a) 
00049 
00011 
00001 
-00007 
00024 
0-7282 
-01133 
-00055 
0-3758 
0-2285 
0-1112 
0-0048 
-0-3724 
0-2298 
(*) 
00051 
00012 
00053 
-0-0002 
00025 
0-7184 
-0-1113 
-00185 
0-3761 
0-2313 
01089 
-0-0071 
-0-3738 
0-2324 
(ύ) Calculation with ethyl groups replaced by protons [5, 6]. 
(&) Full ethyl groups retained [11]. 
Comparison of the calculated tensors with the six experimental values shows 
that the experimental tensors can be assigned such that they all correspond to 
a calculated tensor. The four measured tensors which were assigned to the 
intramolecular protons on the basis of their relatively large isotropic coupling, 
do indeed correspond to the calculated ones for the intramolecular protons. 
The directions of the principal axes deviate, however, from the calculated direc­
tions by about 10°. An explanation could be that the Cu-S bond distance in a 
pure crystal is about 0-1 A longer than the Ni-S distance. Therefore, it might 
S, 
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be possible that the ethyl groups of the copper containing molecules are forced 
from the position which they have in the nickel containing molecules Since the 
structure of the latter is used, this could explain the observed difference 
The two other measured tensors are assigned to the protons 20B and 21B 
(figure 2) on the basis of the magnitude of their axial component and because 
of the correspondence with the calculated principal axes The latter agree to 
within 3° with the measured ones 
The remaining calculated tensors are apparently too small to be measured 
However, to obtain an idea of their reliability, all measured peak positions in 
the three planes are plotted in figure 6, with the exception of those which have 
been assigned to the first six protons In the same figure the peak positions 
computed from the seven not assigned calculated tensors are plotted as solid 
lines It is quite clear that parts of the curves are observed for the protons ЗОЙ, 
31С and 30D in figure 6 (a), of 30C, 31C and 20D in figure 6 (b) and for ЗОВ, 
31 С, 20D, 30D and 3ÍD in figure 6 (c) Most of the curves are shifted, however, 
by 5-10°, except that of proton 30/) in figure 6 (r) The tensor of proton 30D 
is the largest calculated one that could not be measured in all three planes, and 
it is very satisfying that the agreement with the measured transitions is as good 
as for the completely measured tensors 
5 CONCLUSIONS 
The correspondence between the calculated and the measured anisotropic 
tensors proves that it is possible to calculate the hfc tensors rather accurately 
from spin densities which are obtained from a simple (extended Huckel) molecular 
orbital method In order to obtain this accuracy it is necessary to include the 
three-centre contributions, otherwise errors of about 25 per cent are to be ex-
pected for the principal values The principal axes, on the other hand, are not 
influenced by the three-centre contributions 
Comparison of the principal axes of the calculated and the experimental 
tensors suggests that the ligands in the copper containing guest molecules arc 
distorted with respect to the structure of the host crystal The distortion angles 
are about 10°, measured from the central metal atom 
Many of the smaller tensors cannot be determined experimentally, because 
their transitions cannot be observed m three planes With the help of the theo-
retical tensors, it is possible to assign the measured transitions to particular 
protons 
The positive isotropic hfc of the intramolecular protons proves that the un-
paired electron has some density in the ethyl groups As calculated from these 
hfes, the coefficients of the hydrogen Is orbitale in the molecular orbital of the 
unpaired electron range from 0 025 to 0 035, a factor of four larger than calculated 
with an extended Huckel molecular orbital method [11] 
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CHAPTER VI 
PROTON ENDOR ON C U ( I I ) ( d e d t c ) 2 IN POLYCRYSTALLINE SOLID SOLUTION 
VI.A Introduction 
Because we had studied Cu((CH9CD_)dtc) already in great detail in a 
single crystal, it seemed worthwhile to investigate what information can be 
extracted from an ENDOR experiment on a powdered sample. 
In EPR and ENDOR maximum information about the molecular properties is 
obtained, if it is possible to study the paramagnetic system when it is 
diluted in a diamagnetic host single crystal; that is when all orientations 
of the molecule with respect to the applied external magnetic field B. can 
be studied separately. It is often difficult to find a suitable host and grow 
sufficiently large crystals. Then we are committed to powders (a good host is 
still necessary) or frozen solutions. 
In such a case the molecules and therefore the principal axes of the 
magnetic tensors may have all possible directions relative to the direction 
of В.. Therefore the EPR spectrum is a superposition of spectra of single 
crystals with random orientations relative to B
n
. The complexity of the EPR 
powder spectrum strongly depends on the anisotropy and the relative 
orientations of the various interaction tensors. The interpretation can be 
rather difficult, especially when the anisotropy of two or more magnetic 
interactions are of the same order of magnitude and the principal axes of the 
tensors do not coincide. If the paramagnetic molecule has a relatively high 
symmetry the derivation of the spin hamiltonian parameters from the spectrum 
is much easier. 
Now the question arises what information can be extracted from ENDOR 
spectra of powders or frozen solutions and with what accuracy. Cu(dedtc) 
seems to be a good testcase for such a study, because a number of proton hfs 
tensors is known from the single crystal study. 
First of all it is necessary to classify the system in one of the two 
extreme cases, which are distinguished by Dalton and Kwiram [ 1 ] on the basis 
of the characteristic relaxation times. 
When the electron spins are more strongly coupled to each other than to 
the lattice, energy exchange between the spin packets of the polycrystalline 
EPR spectrum will occur. In fact the whole EPR spectrum will be partially 
saturated with a strong microwave field independent of what resonance field 
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is irradiated. Perturbation of any spin packet by the rf field will be 
communicated to the packets interacting directly with the micro wave field, 
and cause an ENDOR signal. In this case we shall observe a powder ENDOR 
spectrum corresponding to all possible orientations of the molecules with 
respect to Β
η
. The information one can get from this kind of spectra are in 
general the principal hyperfine and nuclear quadrupole values of all the 
nuclei involved. No directional information about the tensors can be 
extracted from these spectra. 
In the second case, when the spins are more strongly coupled to the 
lattice than to each other, the spin packets are isolated and the observed 
ENDOR spectrum will depend on where irradiation in the EPR spectrum takes 
9 
place. This case is discussed by Rist and Hyde [ 2 ] for planar d complexes 
and is also applicable to our system. In general, the ENDOR spectrum at some 
arbitrary В setting in a powder EPR spectrum will consist of a compilation 
of single crystal spectra of all the molecules which contribute to the EPR 
spectrum at that particular В position. A powder type ENDOR spectrum, with 
features which are usually difficult to interpret, is obtained. When a portion 
of the EPR spectrum is saturated corresponding to a direction of В aligned 
with a principal axis of a proton hf tensor, the rf field will cause ENDOR 
signals corresponding to that principal value. In general only a limited 
number of molecules will have that special orientation and all other molecules 
contributing to that portion of the EPR spectrum will have NMR transitions at 
different frequencies. It may be possible to detect this principal value ENDOR 
signal, but the intensity is often too small. The signals are hidden in the 
noise or covered by an other ENDOR line. 
When the powder EPR spectrum is characterized by a large anisotropy of 
one of the magnetic interactions or by the anisotropy of two magnetic 
interactions of the same order of magnitude, but with coinciding axes, then it 
is possible to select B- settings, so called turning points, where a 
restricted range of orientations of molecules contribute to the EPR spectrum. 
At turning points where essentially only a single orientation of the molecules 
with respect to B
n
 contribute to the EPR spectrum, single crystal-like ENDOR 
spectra can be obtained. When the dominating tensor is (nearly) axially 
symmetric, there exist turning points which correspond to all the В 
orientations in the axial plane. The obtained ENDOR spectra are called two-
dimensional ENDOR spectra. Depending on the nuclear spin I (for I > 1/2 
quadrupole interactions are involved), the anisotropy of the coupling tensors 
(axial or not) and the relative orientations with respect to the dominant 
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magnetic interaction tensor, information can be obtained about the interaction 
tensors from the single crystal-like ENDOR spectrum alone or in combination 
with the two-dimensional ENDOR spectrum. 
VLB Experimental 
The equipment has been described in chapter II. In this study we have 
used the dispersion mode magnetic resonance signal with magnetic field 
modulation of the EPR signal and rf modulation of the radio frequency to 
detect the ENDOR signals. This is a convenient choise because then ENDOR 
spectra can be obtained with reasonable intensity for orientations of the 
molecules with respect to В in between the turning points of the EPR spectra. 
VI.С Results and discussion 
To interpret a powder EPR spectrum, one has to assume a model for the 
molecular geometry if the crystal structure of the compound or of similar 
compounds is not known. To test the reliability of the experimentally found 
EPR parameters, they have to be compared with calculated ones based on the 
model. For this purpose, usually molecular orbital theory has been used. 
Pettersson and Vanngard [ 3 ] , assuming a planar structure for the SSCuSS 
unit (D,,), came to a reasonable interpretation for Cu(dedtc) . 
For the interpretation of the powder proton ENDOR spectra of this 
compound we had to assume more about its geometry. We have taken the molecular 
unit 
> С Cu ^С N^ 
planar, which closely resembles the real structure. Only the positions of the 
CD, - CH- groups are uncertain. 
Figure 1 shows the first derivative absorption (c) and dispersion (b) 
EPR powder spectrum of Cu((CD CH ) dtc)„ in the host Ni((CD CH ) dtc) , 
together with the idealized absorption spectrum (a). The analysis of the 
spectrum is straightforward: The g- and metal hf tensors are nearly axial 
and the symmetry axes of both tensors are oriented perpendicular to the 
complex plane. The principal values are in good agreement with the single 
crystal data (chapter V). Turning points, where we find only contributions 
АО 
T e m p e r a t u r e 25 К 
mTesla 
2S0 290 3 0 0 310 3 2 0 330 
Figure 1 a) Idealized absorption spectrum, assuming axiality for the 
coinciding g and A~ tensors. 
b) First derivative dispersion mode EPR spectrum, suitable magnetic field 
settings for obtaining single crystal-like (o) and two-dimensional 
(+) ENDOR spectra have been marked. 
c) First derivative absorption mode EPR spectrum. 
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Experimental ENDOR line 
poeitiore 
ENDOfí line ровгігопв calculated Jith the proton 
tensor, detervn-nedm the single crystal ENDOfí study 
A. Single crystal-like 
ENDOfí spectrum 
в
пІІ9, 
11.73 
16.55 
12.96 
15.25 
13.Î7 
14.88 
13 46 
14.80 
13.54 
14.71 
13.64 
14.61 
13.83 
14.43 
14.05 
14.20 
Proton 
20 В 
21 В 
20 λ 
30 A 
31 λ 
(30 в) ( 
21 А 
1.815 
6.457 
3.276 
5.017 
Э.Э56 
4.904 
3.505 
4.757 
3.628 
4.636 
3.952 
4.332 
В. Two-dimeneionat 
ЕМЮН spectrum л^ 
12.00 
15.45 
12.09 
15.36 
12.34 
15.14 
(2х) 
12.74 
14.64 
12.86 
14.58 
12 97 
14.44 
13.22 
14.25 
13.35 
14.12 
13.56 
13.87 
Proton 
31 А 
21 А 
20 А 
30 А 
20 В 
Мйг 
12.081 
15.377 
12.346 
15.138 
12.407 
15.050 
12.400 
15.061 
12.820 
14.646 
Proton MHz 
13.262 
14 196 
12.592 
14.865 
13.000 
14.462 
13.100 
14.358 
13.364 
14.123 
13.630 
13.830 
13.728 
13 728 
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25 К 
MHz. 
ι 
11. 12. 13. 14. 15. 16. 17. 
Figure 2 Single crystal-like (a) and two-dimensional ENDOR speotrum (b). 
ν indicates the free proton resonance frequency. 
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from molecules with the molecular plane oriented perpendicular to В (0) and 
from molecules with B- oriented in the molecular plane (+) are indicated in 
fig. lb (see also la). At other turning points also molecules with other 
orientations contribute to the EPR spectrum. As can be seen in figure 1, we 
can investigate all orientations of the molecule, because in the high field 
part of the EPR spectrum only transitions take place between levels with 
m = +3/2 (see fig. la). 
Figure 2a and 2b show ENDOR spectra obtained with В set at positions 1 
and 2 marked in the first derivative dispersion mode powder EPR spectrum 
(fig. lb). The ENDOR spectrum 2a shows essentially a single crystal-like 
ENDOR spectrum, although the B
n
 field modulation gives rise to contributions 
from molecules which slightly deviate from the gii-, Α.,-axis. The same kind 
of broadening of the ENDOR lines occurs in the 2b spectrum, which is a two-
dimensional ENDOR spectrum. In table 1 we have compared the experimentally 
'found ENDOR line positions from the powder spectra with ENDOR line positions 
calculated with the protons tensors determined in the single crystal study. 
The line positions are calculated with B„ along the g , g and g direction 
0 xx yy zz 
and the appropriate B. values at the positions 2 and 1 (fig. lb). The line 
positions are reasonably well reproduced taking into account that the powder 
lines are broader than in the single crystal spectra and that the 
line positions are only calculated along g and g and not in the whole 
xx yy 
g - g plane. So the accuracy of the determination of ENDOR line positions 
xx yy 
in powder spectra is good. 
Now let us try to interpret the powder spectra without knowing the single 
crystal data. The largest principal hf value for a proton is expected to be 
found along the Cu - H vector. Inspection of the measured ENDOR spectra shows 
that the largest ENDOR splitting is found in the single crystal-like spectrum 
(fig. 2a). The corresponding ENDOR lines are separated by 4.8 MHz. When we 
set the EPR observer from the position 1 step by step towards lower В fields, 
the observed ENDOR line at 16.55 MHz first broadens and then moves to lower 
frequency. So the largest principal value tensor axis of this proton lies 
roughly parallel with the g.. axis. Based on the geometrical model we do not 
expect that this proton is located in the Cu containing molecule, because we 
do not expect Cu - H vectors perpendicular to the molecular plane for the 
protons in the Cu containing molecule. When this proton belongs to a Ni 
containing molecule we do not expect to find spin density on this proton (no 
isotropic hfs). Then assuming that the proton tensor is axially symmetric, we 
have to find two ENDOR lines in the two-dimensional spectrum (fig. 2b) 
4A 
Figure 3 Angular behaviour of the powder ENDOE line positions, if the hf 
tensor is axial symmetric and Α.. lies in the g. plane: 
a) without isotropic hf coupling, 
b) with isotropic hf coupling A . 2A, 
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separated by about 2.4 MHz. We find two broad lines separated by 1.9 MHz. The 
broadness of the lines is an indication that the tensor is not exactly axial. 
The same analysis can be applied to ENDOR lines separated by 2.3 MHz in 
the single crystal-like spectrum and the ones separated by 1.0 MHz in the 
two-dimensional spectrum for an other proton. Moving the EPR observer f rom position 
1 step by step to lower В fields shows that for example the high frequency 
ENDOR line at 15.25 MHz does not move much over a relatively large В field 
setting. This observation is an indication that the principal axis of this 
proton tensor makes an angle with g., . Because the anisotropy around the 
direction corresponding to a principal value is small, we still find the ENDOR 
lines at roughly the expected frequencies for this principal value. So far 
the results summerizing, we found two tensors with principal values ± (4.8, 
-1.9, -1.9) MHz and ± (2.3, -1.0, -1.0) MHz. Comparing these with the single 
crystal results for the protons 20B and 21B (chapter V), good agreement 
exists. Thus the cautious conclusion can be drawn that reliable information 
can be extracted from powder ENDOR spectra. 
To assign ENDOR lines to hf couplings of the protons located in the Cu 
containing molecule is a difficult matter. First of all these protons can 
possess spin density because of the delocalized nature of the compound which 
may complicate the interpretation of the spectra (vide infra). Also the 
tensors do not have to be axially symmetric because of more-centre contributions 
to the hf splitting (chapter IV). 
From the assumed model, the Cu - H vectors are expected to lie approximately 
in the molecular plane, because the distance between the protons and the Cu ion 
is large. Therefore we expect the largest hf values in this plane. 
If one still assumes axially symmetric proton tensors, a behaviour of the 
ENDOR line positions is expected as shown in fig. 3, as we shall explain now. 
In fig. 4 the relative orientation of the axial g and proton hf coupling 
tensors is depicted. When the field В is parallel to g,. , only a single 
orientation of the molecule contributes to the EPR and ENDOR spectrum. Therefore, 
a single pair of ENDOR lines is observed at ν ± 1/2 A. . When B-Z/g. , the EPR 
signal is associated with all molecules, having their normal to the molecular 
plane perpendicular to В . Then the hf values of the ENDOR lines describe an 
ellipse in the g. plane with the principal values Α., and A. . All these molecules 
contribute to the ENDOR spectrum which ranges from ν ± 1/2 Α., to ν ± 1/2 A. . 
Four lines are observed in the ENDOR spectrum as is shown in fig. 5. If the 
B
n
 field makes an angle θ with g,, , the frequencies of the observed ENDOR 
lines range from ν ± 1/2 A ,, to ν ± 1/2 A. (see fig. 4). So ENDOR lines 
ρ err ρ l 
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Figure 4 Relative orientation of the axial· g and the axial proton hf coupling 
tensors. A,, lies in the g. plane. 
are always present at ν ± 1/2 A. , when we rotate В from g. to g., . 
Depending on the hf coupling tensor two cases can be distinguished. 
1) When there is no isotropic contribution to the hfs tensor, the situation 
is as shown in fig. 3a. The lines at ν ± 1/2 A _, will cross the free 
ρ err 
proton value upon rotation of B. from g. to g.. . The change in line position 
with respect to θ is relatively large. 
2) When there is a large isotropic contribution to the hfc tensor (for instance 
A. = 2 A, ). the ENDOR lines at ν + 1/2 A -, will stay on one side of iso 11 ρ ef f 
the free proton value. The change in the line position is relatively small 
on going from g. to g.. . This situation is shown in fig. 3b. 
We shall now discuss the actual observations in our system. In the two-
dimensional ENDOR spectrum (fig. 2b) the four largest separations between 
ENDOR lines are 3.45, 3.3, 2.8 and 2.8 Mllz. The two last separations are equal 
because they come from two pairs of overlapping ENDOR lines. When we 
investigate the ENDOR spectra obtained by gradually increasing B
n
 from 
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position 2 to position 1, the following observations are made: 
The (low) high double ENDOR lines at (12.34) 15.14 MHz in the two-dimensional 
spectrum, very slowly changes position upon B. rotation from g, to g,, . The 
lines can be followed over the whole range and at g.. the resonance frequency 
is found at about (13.45) 14.7 MHz. (It is not possible to select one of the 
three lines in the single crystal-like spectrum, because the lines in the 
ENDOR spectra obtained between g. and g,. are very broad (0.2 MHz)). At the 
same time a line is always present at a constant distance of about 0.7 MHz 
from the free proton value ν . 
Ρ 
From these observations it is concluded that case 2 is applicable. Therefore, 
the conclusion is that these two protons possess spin density. An isotropic 
contribution to the hfs tensors of roughly ± 1.9 (± 0.2) MHz can be estimated. 
Then the anisotropic hf coupling tensor is ± (1.0, -0.5, -0.5) MHz. The (low) 
high frequency lines at (12.09) 15.36 and (12.0) 15.45 MHz observed in the 
two-dimensional spectrum change position relatively fast upon rotation from 
g. to g,, . Rotating from the g. plane the ENDOR lines can be followed over 
'P 
-Ay-
MHz 
1 A 
Λ IM мнг 
Figure 5 a) Sohematia diagram of the lineshapes of the two-dimensional ENDOR 
spectrurrij expected when BJ/g. and for zero isotropic hf coupling 
constant. 
b) The first derivative of the lineshape. 
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20 degrees only. From this observation and the presence of ENDOR lines in the 
single crystal-like spectrum with separations of 1.5, 1.3, 1.2 and 1.0 MHz, 
of which already two are assigned, it is concluded that case two is more or 
less applicable. A small isotropic contribution must be present for both 
protons. From the observed frequencies one can derive that the isotropic 
coupling constants are ± 0.3 (± 0.2) MHz. Then the anisotropic tensors are 
roughly ± (3.0, -1.5, -1.5) MHz. When we compare the obtained tensors from 
protons located in the copper containing molecule with those obtained from 
the single crystal study (20Λ, 30A, 21A, 31A, chapter V), we may conclude that 
the results from the powder spectra are reasonable. The largest discrepancy 
exists for the isotropic hf coupling constant of proton 21A (31A): from the 
powder spectra a value of 0.3 MHz is derived while from the single crystal 
study a value of 0.8 (0.7) MHz is obtained. This is mainly caused by the 
non-axiality of the relevant proton tensors, while axiality has been assumed 
in our analysis. 
In conclusion one may say that under special conditions valuable 
information can be inferred from powder ENDOR spectra. Necessary conditions 
are: 
1) the EPR spectrum must contain regions where only a limited range of oriented 
molecules absorb, 
2) axial tensors must be present. 
If these two conditions are not fulfilled powder ENDOR spectra are very 
difficult to analyse. 
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CHAPTER V I I 
2516 Inorg Chem 1981, 20. 2526-2532 
Conlnbulion from Ihe Departments of Molecular Spectroscopy, Crystallography, and Solid Stale Physics, 
Research Institute for Materials, University of Nijmegen, Toernooivcld, 6S25 ED Nijmegen, The Netherlands 
Structural, EPR, and Magnetic Studies of a Nonplanar Copper(II) Maleonitriledithiolate 
Complex 
D SNAATHORST, H M DOESBURG, J A A J PERENBOOM, and С Ρ KEIJZERS· 
The crystal structure of the complex [Cu'^mnljj]1 [MB+]2'(acetone) [CuCwNi^Hji-CsHtO] is reported, where mnt 
- malconitnlcdithiolato (C4N1S1)3 and MB* = the methylene blue cation = 3,9 bis(dimcthy]am]no)phenazothionium 
The space group is PT, with a = 10 346(3) A, b = 14 522(3) A, r = 15 524(5) Α, α = 93 69 (3)°, β - 90 69(2) · . γ 
" 105 87 (3)°, and with Ζ = 2 The residuals are R - 4 4% and R
w
 = 4 4% for 4235 independent reflections collected 
with a diffraclometer using Mo Κα radiation The MB* cations arc slacked along the с axis The [Cutmnt):]1' anions 
are paired, these pairs being stacked along the с axis as well The anions have approximately Dj symmetry with a dihedral 
angle of 47 4Q between the planes of the ligands The copper-sulfur distances range from 2 240 (2) to 2 261 (2) A. 
Susceptibility measurements reveal an antifcrromagnetic exchange coupling An exchange У of -2 6 cm ' was derived from 
a fit of a singlet-triplet model to the experimental data Single-crystal EPR spectra arc in accord with a triplet stale of 
two coupled Cu(Il) ions The experimental g, copper hypcrfine. and zero-lield splitting tensors arc compared with tensors 
which are calculated from semiempencal molecular orbital data 
I. Introduction 
Considerable interest has been focused on platelike tran-
sttton-metal complexes because of their ability to form one-
dtmensional crystals1"' and τ-donor-acceplor complexes l"" , 
Especially the complexes with 1,2-dithiolato ligands (mnt = 
maleonitnledithiolato (C^NÄ) 2 " and thiete = (СДР*) 1 " ) 
have been used for these studies because they form a large 
variety of complexes with transition-metal ions in various 
oxidation states, and their x-electron system seems to facilitate 
the mentioned structures. Typical examples of crystals with 
one-dimensional interactions are the salts of the paramagnetic 
( 5 = '/¡J anions ІМ(тп1)гГ with M = Ni, Pd, and Pt ! and 
[Cu(mnt)2]2~ ' Examples of donor-acceptor complexes are 
Ni l v (thictc) 2 with the * bases pyrene and perylene8 and the 
thiete and mnt complexes of Ni(III) with the tropylium cat-
t o n ' 1 0 
We have prepared a salt of [ С и ( т т ) 2 ] 2 with the methylene 
blue (MB* = 3,9-bis(dimethylamino)phenazothionium) cation 
The salt was obtained in two modifications when prepared 
from DMF it had the expected stoichtometry [Cu(mnl)2]-
(MB)2, but preparation from acetone yielded the stoichiomelry 
[Cu(mnt)2](MB)2-(acetone) The former compound shows 
one EPR line over the entire temperature range 4 2-300 К 
and, so far, the crystal quality was not good enough for X-ray 
examination The EPR spectra of the latter complex are 
typical for an electronic triplet state and do show copper hy-
perfine splitting (hfs) besides the g anisotropy and the zero-
Field splitting (section III C). The X-ray crystal structure 
(section HI Л) showed that the [Cu(mnt)¡]2~ anions arc not 
planar They neither form regular stacks nor do they form 
donor-acceptor complexes with the MB* cations Our in-
vestigations concentrated on the magnetic properties of this 
nonplanar complex (section III В, C) and on its electronic 
structure (section III C) The latter was investigated by 
seimempincal molecular orbital (MO) calculations and by 
comparison of the expenmentally determined EPR parameters 
with the parameters which were calculated from the MO data. 
II. Experimental Section 
A. PreparatíoH. The complex [Си(іппІ)г]г~[МВ*]] precipitates 
upon mixing of ethanol/water solutions of Naj^CutmnOi]1 and of 
MB*CI Methylene blue was purchased from Merck Na1*[Cu-
(mnt)2]z was prepared according to the literature melhod " 
Shiny, copper red crystals were obtained by recrystallizalion from 
dimethylformamidc The crystals have a square prismatic shape 
[Anal Caled for (Cu(S2C4N,)J2-(C,6H,lN^*)! C, 52 64, N. 15 35, 
H, 3 9« Found C, 52 59, N, 15 31, H, 3 97] 
*To whom corresponden« should be addressed al the Dcparlmcnt of 
Molecular Spectroscopy 
Shiny, metallic green, crystals of [Cufmnt)]]3 (MB*)2>(acetone) 
were obtained by recrystallization of (CutmnOj^'tMB*)! from 
acetone The crystals were found to be air-stable, no loss of acetone 
was detected The shape of these crystals is octahedral [Anal Caled 
for [CutSjC.Nib]2 С, 4Н|^,8*),.С,Н 40 С, 53 20, Ν, 14 43, Η, 
4 29 Found С, 52 72. Ν, 14 16, Η, 4 36) 
Β. Structure Detennlulioo. 1. СоІІкІІоа lod RedKrioa of 
CryslaUographk Data. Cryslallographic data of a crystal of 0 42 к 
0 20 X 0 20 mm were collected on a single-crystal CAD4 dlffrac-
tometer using Mo Κα radiation (λ •> 0 71069 A), monochromalcd 
with a graphite crystal monochromalor The unit cell dimensions were 
calculated from the setting angles of 25 reflections having 38° < 2$ 
< 42° The lattice constants are α - 10 346 (3) A, 6 • 14 522 (3) 
A. c- 15 524(5) Α. α = 93 69 (3)·. β - 90 69 (2)·. у • 105 87 
(31°, and С =2237 6 A' of space group/4, with Mealed) » 1441 
g cm J, p(obsd) = 1 430 g cm 1 (dotation method in a benzene/ 
tetrachloromethane mixture), Ζ • 2, linear absorption coefficient μ(Μο 
Κα) = β 25 cm ' The data were collected in the u-2ß scan mode 
at a variable scan speed, with a maximum of 40 $/геПесиоп A total 
of 15722 reflections having 2" < 9 < 25° were recorded (±A, **, 
± 0 Three standard reflections were measured after every 1800 s 
of X-ray exposure, and it was observed that the inlensily remained 
constant within 1% 
After equivalent геЛесиоік (Я„ [=[(L| |/ | - |7||)/ΣΙΊ)] = 0 023 
including all reflections) were averaged, 7861 reflections remained 
of which 3626 had I < 3σ(/) (σ(/) based on counting statistics) 
Companson of the falloff of "unobserved1' reflections with (sin 0)/λ 
and ihe falloff of observed reflections led to the deletion of 3120 
unobserved reflections and a considerable saving of time during the 
least squares refinement The intensity data of the remaining 4741 
reflections were corrected for Lorentz and polarization effects and 
then reduced to IFJ values Correction of the data for absorption 
was not considered to be necessary 
2. Solution tad Reñaemcnt of the Stntctwe. The phase problem 
was solved by use of the MULTAN11 program, with the use of the 400 
(1) Plumlee, К W , HolTman Β M , then, J A Son. Ζ О J Chem 
Phys ІПІ, 63, 1926 
(2) Maki. Α Η , Edelstem. Ν , Dandson. A, Holm, R H J Am Cium 
Soe 19*4, id, 4580 
(3) Plumlee, К W , HolTman В M . Raljack, Μ Τ, Kannewurf, С R 
Solu! Siale Commun 1974.15.1631 
(4) Akacev, L Maki A H J Cium Phys 1974.79.215 
(5) Wudl. F, Но, С H. Nagel. A J Chem Soc. Chem Commun. ІГП, 
92J 
(6) Inlerrante, L V , Browall. К W . Hart. H R. Jacob». I S, Waliim. 
G D . Wec S H i Am Chem Soc. I97S 97. 8Í9 
(7) Jacote. I S . Bray, J W Han, H R , Inlerrante, L V , Kasper. J S, 
WatkifcG D. Prober, D E. Bonner. J С Phys Rev В' Solid Stale 
1976. BU. 3036 
(8) Schmidt. R D. Wing. R M . Maki. A H / Am Chem Soc lia. 
91, 4391 
W Wmg, R M , Schlupp, R L Inorg Chem 1970, >, <7I 
(10) Manoharan, Ρ Τ Noordik J H . de Boer. E. Кожи. С Ρ У Chem 
Phys 19»! 7<, 1990 
(11) Davidson. A , Holm, R H /лог; Synlh 1971. W, 8 
Reprinted from Inorganic Chemistry, 1981,20, 2526 
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A Nonplanar Cu'^mnt Complex 
Table I. I raclional Positional Coordinates" 
atom 
Cu 
Sil) 
S(2) 
S(3) 
S(4) 
S(5) 
S(6) 
N(l) 
N(2) 
NO) 
N(4) 
N(5) 
N(6) 
N(7) 
N(8) 
N(9) 
N(10) 
C<1) 
Ш ) 
CO) 
C<4) 
C(J) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(ll) 
Ctl2) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C<18) 
C(19) 
C(20) 
C<2U 
C(22) 
C(23) 
C(24) 
C(25) 
C(26) 
C(27) 
C(28) 
C(29) 
COO) 
C O D 
C(32) 
СОЭ) 
C(34) 
COS) 
C(36) 
C07) 
C O 8) 
C09) 
C(40) 
C(41) 
C(42) 
C(43) 
0 . 
X 
0 4852(1) 
0 4949(1) 
03718(1) 
0 5985(2) 
04712(1) 
-0 1396(1) 
-0 2565(1) 
0 3668 (5) 
0 2086 (5) 
0 7406(6) 
0 5472(5) 
0 1742(4) 
0 0576(4) 
-0 0594(4) 
-0 0656(4) 
01801(5) 
0 1838(5) 
0 4058(5) 
0 3562(5) 
0 6050(5) 
0 5499(5) 
0 3846 (5) 
0 2775(5) 
0 6779(6) 
05525(5) 
0 0164 (6) 
-0 2101 (6) 
-0 0103(5) 
-0 0891 (4) 
-0 0335 (4) 
0 1102(5) 
0 1881(5) 
0 1337(5) 
0 0319(4) 
0 1111 (5) 
0 1908 (5) 
0 1365(5) 
-0 0053(5) 
-0 0889(5) 
0 2047(5) 
0 0204 (6) 
-0 3294 (6) 
-0 1067(7) 
0 1280(5) 
-0 2059 (5) 
-0 1489(5) 
0 0066 (5) 
0 0724 (5) 
0 0162(5) 
0 1490(5) 
0 0062(5) 
0 0731 (5) 
0 0179(5) 
-0 1252(5) 
-0 2059(5) 
-0 0966 (7) 
-0 3260(6) 
0 5697 (7) 
0 4755(5) 
0 4872(8) 
0 3902 (4) 
У 
0 3494(1) 
0 2661 (1) 
04630(1) 
0 4362(1) 
0 2266(1) 
-0 0323(1) 
0 0023(1) 
0 2723(4) 
0 5074(4) 
0 4179(4) 
0 1704(4) 
-0 0215 (3) 
0 0097 О ) 
0 2828 (3) 
0 3403 О ) 
0 3170(3) 
-0 3059(3) 
0 3358(3) 
0 4178(4) 
0 3600(4) 
0 2726(3) 
0 3011 (4) 
0 4687(4) 
0 3922(4) 
0 2157(4) 
0 4099 (4) 
0 3591 (4) 
-0 2612(3) 
-0 1940(3) 
-0 1138(3) 
0 0972(3) 
0 1667(4) 
-0 2458 (4) 
0 0559(3) 
0 0486(3) 
0 1251(3) 
0 1998(3) 
0 2070 О ) 
0 1324(3) 
0 2917(4) 
0 3612(4) 
-0 3195(4) 
-0 3793(4) 
-0 2278(3) 
-0 1589(4) 
-0 0792(3) 
0 0645(3) 
0 1350(4) 
0 2135(4) 
0 0899(3) 
0 0806(3) 
0 1566 (4) 
0 2327 (4) 
0 2411 (3) 
0 1667(3) 
0 3964(4) 
0 3276 (4) 
0 9675 (6) 
0 9362(4) 
0 9781 (6) 
0 8787(3) 
ζ 
0 6736(1) 
05491 (1) 
0 5958(1) 
0 7966(1) 
07533(1) 
0 3377(1) 
0 0832(1) 
0 3042 (3) 
0 3605 (4) 
1 0365 (4) 
0 9882 (3) 
0 3860(3) 
0 1399(3) 
0 5040 (3) 
0 1902(3) 
0 2506 (3) 
-0 0627(3) 
0 4673 О ) 
0 4879(4) 
0 8787(4) 
0 8601 (3) 
0 3764(4) 
04162(4) 
0 9676 (4) 
0 9324 (4) 
0 1613(4) 
0 1663 (4) 
0 2377(3) 
0 2640 (3) 
03114(3) 
0 3383(3) 
03118(4) 
0 2646 (4) 
0 3975 О ) 
04133(3) 
0 4633(3) 
0 4934(3) 
0 4756(3) 
0 4270(3) 
0 4872(4) 
0 5535 (4) 
-0 0900 (4) 
-0 0922(4) 
0 0150(3) 
0 0092(4) 
0 0593(3) 
0 0897(3) 
0 0650(4) 
0 0136(4) 
0 1447 О ) 
0 1646(3) 
0 2172(4) 
0 2454 (4) 
0 2238(3) 
0 1728(3) 
0 2985 (5) 
0 2236(5) 
0 7909 (6) 
0 7063 (5) 
0 6255(6) 
0 7018(3) 
а
 Standard deviation m the last digit ts m parentheses. 
highest E values The E values were calculated with the Debye curve 
via the К curve method From the E map with the highest figure 
of merit, the positions of two complete methylene blue cations and 
nine atoms of the [CutmnOJ1 anion could be deduced The remaining 
nonhydrogen atoms were located with the use of standard difference 
Fourier techniques A block-diagonal least-squares refinement 
(weighting scheme w « [<r
c
2
 + 0 001 If,,1] ') using 4235 reflections 
with / > 3<r(/) and subsequent difference Fourier analyses resulted 
in the determination of 34 И atoms The positional parameters of 
the remaining eight H atoms were calculated All hydrogen atoms 
(12) Maui, Ρ MULTAN 7i, 1978 
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Table 111. [CuÎmnt) , ] 1 - Bond Distances (A) and Angles (Deg)" 
Cii-S(l) 
Cu-S(2) 
Cu-SO) 
Cii-S(4) 
S(l)-C(l) 
S(2)-C(2) 
S(3)-CO) 
S(4)-C(4) 
C<l)-C(5) 
S(l)-Cu-S(2) 
S(l)-Cu-S(4) 
S(2)-Cu-S(3) 
5<3)4"Ίι-5(4) 
Cu-S(l)-Cll) 
Cu-S(2)-C(2) 
Cu-S(3)-C(3) 
Cu-S(4)-C(4) 
S(l)-C(l)-C(2) 
S(l)-C(l)-C(5) 
S(2)-C(2)-C(l) 
S(2)-C(2)-C(6) 
2 240 (2) 
2 255(2) 
2 245(2) 
2 261 (2) 
1 74 2(5) 
1 724 (6) 
1 730(6) 
1 721(5) 
1 425 (7) 
93 1 (2) 
95 5 (2) 
98 1(2) 
92 6(2) 
100 3(3) 
99 8(3) 
100 7(3) 
100 2(3) 
122 5(4) 
116 3(4) 
124 2(4) 
116 7(4) 
C(2)-C(6) 
CO)-C(7) 
C(4)-C(8) 
C(l)-C(2) 
C(3)-C(4) 
C(5)-N(l) 
C(6)-N(2) 
C(7)-N(3) 
С(в)-М(4) 
SO)-CO)-C(4) 
SO)-CO)-C(7) 
S(4)-C(4)-C(3) 
S(4)-C(4)-C(8) 
C(2)-C(l)-C(5) 
C(l)-C(2)-C(6) 
C(4)-C(3)-C(7) 
C(3)-C(4)-C(8) 
C(l)-C(5)-N(l) 
C(2)-C(6)-N(2) 
t(3)-C(7)-N(3) 
C(4)-C(e)-N(4) 
1 440 (7) 
1 425 (7) 
1 431 (7) 
1 356 (7) 
1 366 (7) 
1 136 (7) 
1 143 (7) 
1 126 (7) 
1 133(7) 
122 8(4) 
115 8(4) 
123 7(4) 
1170(3) 
121 1 (4) 
118 9(4) 
121 3(4) 
119 4(4) 
1790(12) 
176 1 (6) 
176 9(7) 
176 3(6) 
a
 Standard deviation in last digit is in parentheses 
were assigned a fixed isotropic temperature factor of 4 4 A1 Final 
refmemenl of positional parameters and anisotrope temperature faclore 
converged to an R value I-E( |^J - \Ρ
Β
\)/Σ\Ρ
ν
\\ of 0 044 and Ä . 
[=[I>(I^J-|J rJ) IH' r (J I 'n =0044 A final difference Fourier 
map showed a residual electron density of 0 68 e/A3 near Cu Other 
peaks were below 0 A e/A1 The atomic scattering factors used for 
Cu, S, Ν, С, and О were taken from Cromer and Mann13 and for 
Η from Stewart et al '* No anomalous scattering factors for Cu and 
S were used All crystallographic calculations were executed with 
use of the XRAY-72 program " Positional parameters are listed in 
Tables I and II16 bond distances and angles in Tables HI and IV The 
numbering of the atoms is shown m Figure 1 Observed and calculated 
structure factors are available " Anisotropic temperature factors of 
the nonhydrogen atoms are listed in Table V , 6 
C. MagnetizatioB Meisurementa. The magnetic moment of a 
powdered sample was determined at a field of 0 814 Τ with a very 
sensitive magnetometer with the use of a superconducting set of pickup 
coils17 and a very low frequenc> sample position modulation 1B In 
the superconducting circuit, two oppositely wound pickup coils are 
positioned coaxially with the magnetic field generated by a super­
conductive solenoid With the present coil geometry, a shielding 
current will flow in this circuit which is linearly proportional to the 
position of the sample over a range of several millimeters The current 
is measured with a fluxgated galvanometer of similar design as reported 
by Poerschke and Wollenbergerl, " The relevant low-frequency 
modulation at the output of the galvanometer is delected with common 
lock-in techniques The output voltage of the instrument is proportional 
to the magnetic moment of the sample up to a moment of 0 5 X 10-3 
J/T The instrument was calibrated against the saturation magne­
tization of a small nickel sample, the accuracy of the calibration is 
in order of 1% The noise corresponds with Am = 3 X 10"9 J/T (3 
X IO"6 emu) when the magnet is operated in ils persistent mode A 
continuous flow cryostat is inserted through the pickup ootls and allows 
regulation of sample temperature between 2 5 and 300 К The 
temperature is determined from a carbon-reistance thermometer fixed 
to the wall of the cryostate, close lo the sample The resistance 
thermometer was calibrated in situ against a factory calibrated 
germanium thermometer Below 100 К the precision of the tem­
perature determination is belter than 1% Above 100 К the sample 
(13) Cromer, D , Mann, J Acia Crystallogr Sea A 19«, A24, 321 
(H) Stewart, R F Davidson, E R Simpson W Τ J Chem Phys IMS, 
«,3175 
(15) "The X-ray System" (version of June 1972) Technical Report TR 192. 
Computer Science Center University of Maryland College Park. MD, 
June 1972 
(16) Supplcmcniary material 
(17) Gclsing, R R , van Kempen, H Proc Ini Cryog Eng Conf 1970, < 
233 
(18) Van Kempen, Η , Perenboom, S A A J , W d^cr, Ρ , to be submitted 
for publication 
(19) Poerschke, R Wollenberger, Η Cryogenics 1976, 10, 333 
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Figur« I. Atomic numbering of the crystallographic asymmetric unit. Individual atomic deviations (in A) from the best planes of the methylene 
blue cations are also given. 
Figure 2. Stereoview of the packing as viewed along the a axis. Only half of the MB* cations are shown; the other half are generated by 
the inversion center at (0, 0, 0) (see text). 
temperature is determined from the voltage of a Au(0.03% F e b 
chromel thermocouple linked to the temperature-regulated diffusor, 
a few centimeters below the sample. 
D. EPR Measurements. The EPR measurements were carried out 
at 4.2 К on a Varían E-12 X-band spectrometer, with the use of an 
Oxford Instruments BKESR12 flow cryostat. The microwave fre-
quency was measured with a HP 5246L counter, equipped with a 
5255A plug-in unit. The dc magnetic field was measured with a 
Bruker B-NM12 gaussmetcr. The spectra were recorded in three 
orthogonal but arbitrary planes with intervals of 10Q of rotation. The 
orientation of the crystal axes with respect to the three rotation axes 
was determined with a CAD4 X-ray diffractometer at room tem-
perature. In this way, the measured EPR parameters could be 
transformed from the rotation axes to the crystal axes system, assuming 
that there are no significant structural changes upon cooling to liq-
uid-helium temperature. 
Ш . Results and Discussion 
A. Crystal Structure. A projection of the structure, as 
viewed along the a axis, is presented in Figure 2. The figure 
shows that the crystal contains regular stacks of M B + cations 
along the с axis and pairs of [Cu(mnt)2Ì2 ' anions. The 
molecules in the latter are related to each other via the in-
Figure 3. Projection of the packing arrangement. The unit cell is 
oriented with the +c axis horizontal, the +a axis vertical, and the 
+b axis pointing toward the reader. 
version center at ( 0 5 , 0.5,0.5). The Cu-Cu distance is 7.115 
( I ) A, but the distance between the least-squares planes of 
overlapping Cu-mnt pairs is 3.82 A and the shortest inter-
molecuiar atom-atom distance is 3.67 Л (between S(3) and 
N(2)) . Since the [Cu(mnl) 2 ] 2 " pairs are separated from each 
other by the M B + cations in the a direction (Figure 3) and 
by the acetone molecules in the b direction (Figure 2), the pairs 
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Tibie IV. Bond Distances (A) and Angles (Deg) of the Two 
Methylene Blue Cations and the Acetone Molecule 
N(5)-C(14) 
N(5)-C(18) 
S(5)-C(13) 
S(5)-C(I7) 
N(7)-C(2I) 
N(7)-C(23) 
N(7)-C(24) 
N(8)-C(9) 
М(в)-С(10) 
N(e)-C(ll) 
Clll)-C(12) 
С(іі)ч:(іб) 
C(12)-C(13) 
C(13)-C(14) 
C(14)-C(15) 
C(15)-C(16) 
С(17)-С(1в) 
C(17)-C(22) 
С(1в)-С(19) 
C(19)-C(20) 
C(20)-C(21) 
C(21)-C(22) 
C(41)-C(42) 
C(42)-C(43) 
C(42)-0 
CÜ4)-N(5)-C(18) 
N(5)-C(14)-C(13) 
N(5)-C(14)-C(I5) 
C(13)-C(14)-C(I5) 
C(14)-C(15)-C(16) 
C(15)-C(16)-C(17) 
C(16)-C(ll)-N(8) 
C(16)-C(H)-C(12) 
C(ll)-N(8)-r(10) 
C(ll)-N(8)-C(9) 
C(10)-N(8)-C(9) 
N(8)-C(ll)-C(12) 
C(11)-C(I2)-C(13) 
C(I2)-C(I3)-C(I4) 
C(12)-C(I3)-S(5) 
ai4)-C(13bS(5) 
C(13)-S(5)-C(17) 
S(5)-C(l7)-C(ie) 
C(17)-C(18)-N(5) 
S(5)-C(17)-C(22) 
С(1в)-С(17)-С(22) 
C(17)-C(22)-C(21) 
C(22)-C(21)-C(20) 
C(22)-C(21)-N(7) 
C(21)-N(7)-C(23) 
C(21)-N(7)-C(24) 
C(23)-N(7)-C(24) 
№7ИГ(21)-С(20) 
C(21)-C(20)-C(19) 
C(20)-C(19)-C(18) 
C(I9)-C(I8)-C(I7) 
C(I9)-C(18)-N(5) 
C(4I)-C(4 2)-C(43) 
C(4l)-C(4 2)-0 
Г(43)-С(4 2)-0 
Bond 
1 343 (5) 
1 324 (6) 
I 728(5) 
1 729 (4) 
I 344 (6) 
1 463 (7) 
I 444 (6) 
1453(7) 
I 456 (7) 
1 355 (6) 
1 391(7) 
1 443 (7) 
1 368 (6) 
1 443(6) 
1 409 (7) 
1 350(7) 
I 438(6) 
1 375 (6) 
1 426 (6) 
1 343(7) 
1 423(7) 
1416(6) 
1 447 (8) 
1462(10) 
I 192(7) 
Distances 
N(6)-C(30) 
N(6)-C(34) 
S(6)-C(29) 
S(6)-C(33> 
N(9)-C(25) 
N(9)-(426) 
N(9)-C(27) 
N(10)-C(37) 
NdObCW) 
N(10)-C(40) 
C(27)-C(28) 
C(27)-C(32) 
C(28)-C(29) 
C(29)-C(30) 
C(30)-C(31) 
C(31)-C(32) 
C(33)-C(34) 
C(33)-C(38) 
C(34)-C(35) 
C(35)-C(36) 
C(36)-C(37) 
C(37)-C(38) 
1 342(6) 
1 322(6) 
1 726(5) 
I 731(4) 
I 456(7) 
1 462(7) 
I 345 (6) 
1 340(6) 
1 464 (6) 
I 465 (7) 
1 389(7) 
1 444 (7) 
I 382 (6) 
1 426 (6) 
1416(7) 
1 374 (7) 
1 434(7) 
1 369(6) 
1 433(6) 
I 352(7) 
I 434 (7) 
I 413(6) 
Table VI Two Least-Squares Planes for the Cu-mnt Parts of 
the [Cudnnt),}1 Anion 
Plane rquation Px l-ßy + Äz + ^ O 
Bond Angles 
123 4(4) C(30)-N(6)-C(34) 122 9(4) 
125 3(4) N(6)-C(30)-C(29) 125 5(4) 
118 2(4) N(6)-C(30)-C(31) 117 9(4) 
116 5(4) C(29)-C(30)-C(31) 116 6(4) 
122 8(4) C(30)-C(31)-C(32) 122 3(4) 
1200(5) C(31)-C(32)-C(27) 1202(5) 
120 3(4) C(32)-C(27)-N(9) 120 6(4) 
118 1(4) С(32)-С(27)-С(2в) 117 7(4) 
1211(4) C(27)-N(9)-C(25) 119 8(4) 
1216(4) C(27)-N<9>-C(26) 123 8(4) 
1173(4) C(25)-N(9)-C(26) 1164(4) 
1215(4) N(9)-C(27)-C(28) 1217(5) 
1216(4) С(27)-С(2в)-С(29> 1218(4) 
1209(4) С(2в)-С(29)-С(30) 1213(4) 
118 4 ( 3 ) C(28)-C(29)-S(6) 117 4 ( 4 ) 
120 7 ( 3 ) C(30)-C(29)-S(6) 1 2 1 2 ( 3 ) 
104 0 ( 2 ) C<29)-S(6)-U33) 103 5 ( 2 ) 
120 3 ( 3 ) S(6)-C(33)-C(34) 120 2 ( 4 ) 
1 2 6 4 ( 4 ) C(33)-C(34)-N(6) 126 7 ( 4 ) 
1 1 7 3 ( 3 ) S(6)-C(33)-C(38) 1 1 7 4 ( 4 ) 
122 4 ( 3 ) С(34)-С(33)-С(3в> 112 4 ( 4 ) 
119 6 ( 4 ) C(33)-C(38)-C(37) 1 2 1 0 ( 4 ) 
1 1 8 6 ( 4 ) С(38)-С(37>-С(Э6) 1 1 7 5 ( 4 ) 
120 4 ( 4 ) C(38)-C(37)-N(10) 1 2 1 3 ( 4 ) 
122 1(4) C(37)-N(l0)-r(39) 1213(4) 
123 0(4) C(37)-N(10l-C(40) 120 8(4) 
114 8(4) C(39)-N(10)-C(40l 117 5(4) 
1210(4) N(10)-C(37)-C(36) 1211(4) 
1212(4) C(37)-C(36)-C(35) 1210(4) 
122 5(14) C(36)-C(35)-C(34) 1226(4) 
1158(4) С(35)-С(34)-Г(33) 1154(4) 
1178(4) C(35)-C(34)-N(6) 1179(4) 
1177(5) 
121 816) 
120 5 15) 
can be considered as being stacked along the с axis However, 
the shortest interpair Cu-Cu distance is 10 743 (1) Л 
Whereas the ring atoms Cu, S, and С are involved in the 
tntrapAiT interactions, the closest ілгетраіг contacts are via the 
CN groups and over a much longer distance (5 1S A between 
C(7) and N(3)) Therefore, the interactions in the pairs are 
expected to be much stronger than between the pairs 
The MB* cations arc essentially planar The distances of 
the atoms from the least-squares planes are shown in Figure 
1 The largest deviations are found for the carbon atoms of 
plane 1 
Ρ 9 1384 
Q 6 6475 
atom 
Cu° 
S ( l ) ° 
S(2)° 
my C(2)° 
C(5) 
C(6) 
Ml) 
N(2) 
plane 2 
9 725 
-4 838 
plane 1 
R -3 9418 
S -4 1138 
Distance (A) from the Plane 
deviation 
0012 
0 014 
ООП 
-0 009 
0 003 
-0 083 
0 102 
-0 149 
0 225 
a
 Atoms which define plane 1 
atom 
Cu» 
SO)" 
S<4)<> 
C O ) " 
C<4)1> 
C(7) 
C(8) 
N(3) 
N(4) 
plane 2 
-5 336 
+0 553 
deviation 
0013 
0 009 
0018 
0 003 
-0017 
0 075 
-0 097 
0 182 
-0 222 
b
 Atoms which define plane 2 
the dimethylamino groups, these groups being rotated out of 
the planes by angles of 1 6-4 0° The bond lengths in both 
cations are comparable to those in other methylene blue 
structures ^ 2 2 The mean separation between the MB* cations 
in the pairs is 3 49 A The cations which are shown in Figure 
2 are paired in a syn orientation Because of the inversion 
center at (0, 0,0), these pairs have an anti orientation relative 
to the symmetry related pairs which are not shown in the 
figure The distance between the pairs is 3 47 A, so that the 
cations are regularly stacked 
The copper-sulfur bond distances are all different and range 
from 2 240 to 2 261 A (a spread of 12c), although they are 
expected to be chemically equivalent Identical situations are 
found in the tetrabutylammonium1 and in the tetraethyl· 
ammonium3 mnt compounds, but those copper-sulfur distances 
are larger This can be attributed to the fact that the [Cu-
(гппОг]2- anions in those complexes are planar, while the anion 
in the current system exhibits a pronounced nonplanar geom­
etry (Figure 4) with a dihedral angle of 47 4° between the 
least-squares planes of the two ligands (Table VI) Non-
plananty is very uncommon in bis(l,2-dithioIeno) complexes 
and is generally caused by dimenzation via methyl-sulfur 
linkages Examples are CojlS^^CF,);)«," [Cor 
(52С6С14)4]2-," and [Fe!(S,C2(CN)2)4]2-,25 in which dimers 
the metal atoms are displaced out of the basal planes of the 
molecules by about 0 3 A. All other 1,2-dithioleno complexes 
are planar, including the monomenc diamonic complexes [M-
(mntU1 (M = Co,26 Ni,27 2 ' Cu1), the dimenc monoanionic 
complexes,28,30"32 and the donor-acceptor complexes of organic 
donors with [Ni(mnt)2]- l0 and with [NiS2C2(CFj)j]01-·» 
In order to examine whether the intermolecular contacts 
in this specific arrangement could be responsible for the 
(20) Магт, H E, Stewart. J M , Chin, M F Acta Crystallogr, Sect В 
1973, B29. 847 
(21) Kalm-Haran, A Ballard R E , Norm, Ε. К Àcla Crystallogr, Seel 
В 1973, BZ9. 1124 
(22) Endres. Η . Jeromin G Keller H J Ζ Namforsch , В 1977,12В. 
1375 
(23) Enemark J Η , Lipscomb W Ν I nor g Chtm 19ÍS, 4, 1729 
(24) Baker Hawkes, M J , Don Ζ Eisenberg, R . Gray. H В J Am 
Chtm Soc IMO, 90 4253 
(25) Hamilton. W С Bernal, I /nor; Cium 1M7, 6, 20O3 
(26) Forrester, J D Zalkm, A , Templelon, D H Inorg Chem 1964, J, 
1500 
(27) Eisenberg R , Iters, J A I nor g Chtm 19*9 4, 605 
(28) Kobayashi. A Sasaki Y Bull Chtm Sx Jpn 1977, 50, 2650 
(29) Hove. M J . Hoffman В M Ibera, J A / Chtm Phys 1972. 56, 
3490 
(30) Fritchie С J Ada Crystallogr 1 9 « , 20, 107 (31) Forresler, J D Zalkm A , Templelon, D H Inorg Chtm 1964 3, 
1507 
(32) Enemark. J H . Ibcri, J A 1MB. Inorg Chtm 7. 2636 
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Figure 4. Stereoscopic view of the (Cutmnt^l1 anion 
! ' I Ι · ' ,',ι 
\ 
TEMPt4tTl*t (HI 
Figure S. Experimental molar susceptibility data ( · ) per dimer The 
solid line corresponds to an anliferromagnclic exchange coupling in 
isolated pairs 
nonplananty of the anion, we calculated intermolecular dis­
tances for the actual structure and for a structure in which 
both mnt ligands were rotated over an angle of 23 7° in an 
opposite direction, thus yielding a planar anion Apart from 
the large changes in the intrapair distances, the most striking 
changes are in the contacts between the anions and the hy­
drogen atoms of the M B + cations, e g , H(C(31))-N(4) 
changes from 3 44 to 1 85 A and H(C(40))-N(3) from 2 75 
to 2 22 A, both much less than the nonbonded contact distance 
as estimated from van der Waals radii Thus, the nonplananty 
of the [Cu(mnt)2]2" anion can mainly be ascribed to the in­
troduction of the large methylene blue molecules as coun-
lenons 
B. Magnetic Susceptibility. Figure 5 shows a plot of the 
molar susceptibility χ
Μ
 vs Τ over the temperature range 
2 3-124 К The susceptibility shows a maximum at 4 4 K, 
which indicates an antiferromagnctic exchange interaction 
The experimental data are compared with the singlet-triplet 
model of two spins S =^ '/г coupled by an isotropic exchange 
interaction (7f = -2J S^Si) In this model, the temperature 
dependence of the molar susceptibility is given by33 eq 1 for 
Хм<Г> = ( i i o 2 * e e W / * r > [ 3 + cxpi-U/kT)]* + Xcor 
(0 
a dimer, where all symbols have their usual meaning x
m 
includes the diamagnetic susccptibilit) and the temperature-
independent paramagnetism of the sample and the effective 
susceptibility of the sample holder The error function (eq 2) 
(І/ЛОЕіхмврйСГ,) - Хмс-ыШ^Г, 2 (2) 
was minimized by varying J, g, and %„, The exchange pa­
rameter J was obtained from a fit to the data in the tem-
^ I . 
Figure 6. EPR spectrum with magnetic field in an arbitrary orien­
tation, showing hyperfine spliiiing with two copper nuclei (indicated 
below the spectrum) and zero field splitting Satellite lines which 
are attnbutod to interpair exchange interactions arc marked with dots 
perature range 3 Э-9 7 К The exchange constant J was fixed 
when finally the fit was made to all data over the whole tem­
perature range The best result was obtained with J = -2 6 
cm ', g » 2 015, and χ „ = -25 Ж 10 9 MKSA/mol ( [ X M M K S A 1 
= 4ir X I O ^ I X M * 1 ] ) The experimental data and the theo­
retical curve corresponding to eq I are shown in Figure 5 The 
deviation from the curve is for none of the points larger than 
2% The difference between the obtained g value and the 
average value (g2 = (2g±2 + g\f)ß = 2 04б г) from the EPR 
experiment is I 5%, slightly more than the accuracy of the 
calibration A possible explanation could be that the EPR g 
value was determined for the triplet state which arises from 
intrapair Cu(II)-Cu(II) exchange interaction, interpair-ex-
change interactions which are clearly present (section HI C) 
can possibly influence the magnetic susceptibility The value 
obtained for χ^ is quite reasonable, considering the measured 
effective susceptibility of the sample holder (-16 5 X 10"* 
MKSA/mol), the calculated diamagnetic susceptibility of the 
sample34 (-12 0 X 10~9 MKSA/mol), and the commonly used 
value of 1 5 x КГ9 MKSA/mol for the TIP of two Cu(II) ions 
Taking into account the splitting of the triplet manifold 
(section III C, Table VII) had no significant effect on the 
calculated susceptibility in the measured temperature range 
The very good correspondence between the calculated and 
the experimental susceptibility data indicates that the anti-
ferromagnetic exchange interaction can be interpreted with 
a singlel-triplet model As discussed in the previous section, 
the model of isolated pairs is also supported by the crystal 
structure which suggests large interactions via the overlap of 
the ir-molecular orbitals (MO's) of the [Cu(mnt)2]2" anions 
in the pairs and a very poor overlap between the pairs As 
will be discussed in the next section, the fact that the anions 
are twisted, rather than planar, increases the amount of Cu 
4p
r
 and S 3p, character in the MO of the unpaired electron, 
thus enhancing this effect 
C. EPR Measurements. In spite of the fact that the crystal 
is magnetically concentrated, no exchange narrowing was 
(33) Btcaney В Bower*. К D Proc R Час tendon Ser A 1952 214 45! (34Ì Kollhoff I 4 Elving Ρ J Treaiise Anal them Pari I 1963, 4 
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Table VII. Fxpenmental and CaJculaicd Principal Values of g. Copper Hypcifine, and Zero-Pield Spbtimg Tensors (ХОТ* cm ') and 
Directions of Principal Axes Relative to Cristallographie Axes 
g 
fi 
Аі-А
лч 
A\-A„ 
A„ 
D, 
D, 
D, 
principa] 
values 
2 024 
2 090 
+ 37 
-74 
-68 4 
s224 
524 9 
147 3 
exptl 
directions (deg) 
a 
174 
174 
67 
31 
109 
* 
9І 
95 
61 
121 
135 
с 
71 
72 
53 
109 
43 
χ" 
У 
ζ 
f,* 
к. 
Χι 
А, -
А,-
А,-
А,у 
D . c 
0 , 
Sì-
А.у 
А,у 
principal 
values 
2 026 
2 027 
2110 
+ 28 5.38 9* 
+ 28 1.38 8 
-56 6.-77 7 
+ 16 7 
+22 5 
+23 5 
-46 0 
+23 0 
-46 0 
caled 
directions (deg) 
a 
93 2 
93 4 
174 0 
93 9 
90 9 
174 6 
92 1 
93 5 
174 4 
615 
37 7 
U I 6 
104 2 
* 
76 3 
13 0 
95 1 
62 1 
27 3 
93 7 
107 1 
16 2 
93 8 
61 4 
123.7 
132 3 
1316 
с 
158 7 
80 7 
73 5 
149 8 
67 9 
719 
1514 
109 9 
71 8 
58 8 
1119 
39 3 
36 8 
i, 
li 
ffj 
A, 
A-, 
A, 
A.у 
exptl' 
principal 
values 
2 023 
2 026 
2 086 
41 0 
410 
82 0 
80 0 
0
 Directions of molecular axes ъ Calculated with results of extended Huckcl MO calculations c Point dipole calculation, based upon the 
spin densities from extended Huckel MO calculations d Point dipole caliulation with spins located on the copper atoms c First-order, 
dipolc-dipole interaction only f experimental values from ref 2 of planar (Cutmnt),] 3 - anion, diamagnética]]у diluted in the corresponding 
Ni(Il) complex 
ι 
Л '¡ '! /ι ίι 
У! fi Λ If' V 
Flfwe 7. EPR spectrum with the magnetic field in an orientation 
such that the zero-field splitting is zero. The spectrum shows the 
coupling with two copper nuclei and the satellite lines 
observed іл the EPR spectra. Two typical spectra are shown 
in Figures 6 and 7. The main lines, which are indicated below 
the speclTum in Figure 6, can be interpreted as being due to 
an electronic triplet state which arises from (he exchange 
interaction between the two unpaired electrons in a pair of 
[Cu(mnt) J1" anions. The results of the previous section prove 
that the singlet state is the ground state, with the triplet state 
5.2 cm-1 above it. The satellite lines are thought to anse from 
interpair exchange and dipole-dtpole interactions A detailed 
explanation for their occurrence will be given in a forthcoming 
paper. The expected AM, = 2 transition could only be ob­
served with the microwave field at an angle of 45° with the 
static field. The intensity was in the order of 1% of the in­
tensity of the АЛ/, = I transitions, in accord with calculated 
transition probabilities. 
The main lines were described with the spin Hamiltonian 
» s - μ β ^ ί + S-A-O, + h) + â-DS (3) 
where Sm 1,І
І
ж11
ж,/
г
ап the spins of the copper nuclei, 
and all other symbols have their usual meaning. The data were 
analyzed with the computer program GAPLSD," which is based 
on a strong field approximation for the various tensors The 
resulting principal values of the tensors are listed in Table VII 
together with the direction angles of the principal axes, relative 
to the crystallographic axes. For comparison, the direction 
(35) Keijzcn,C P.PauluuMi.G F M.de Boer, E Mo/ Phyi 1975,20, 
973 
angles of the molecular axes χ, y, and ζ are given as well. The 
ζ axis is along the normal to the least-squares plane through 
the copper and sulfur atoms of a [Cu(mnt)2]z- monomer The 
χ and y axes are along the other two approximately twofold 
axes of the anion, with χ pointing from Cu to a point in 
between C(l) and C(2). So that a companson with (Cu-
(mnt)]]2' in a spin-doublet state could be facilitated, the listed 
copper hyperfine splitting has been multiplied by a factor of 
2 (because /l(tnplet)./4(doublet) - 1-2). Within experimental 
error, the gand copper hyperfine tensors arc axially symmetric 
and have coinciding principal axes along the ι axis of the 
molecules. The largest zero-field splitting deviates only a few 
degrees from the Cu-Cu direction in the dimer. 
So that more insight into the difference between the bonding 
properties of the anion in its "normal" planar geometry and 
in the current twisted one could be oblained, extending Huckel 
MO calculations were performed on both structures The 
values for the empirical parameters and the basis set were 
taken from the calculations on bis(dithiocarbamato)copper-
(II) » ·" 
The symmetry of the planar anion is nearly D^ Then the 
MO of the unpaired electron has B,, symmetry and consists 
of the 3d„ orbital of copper and hybrids of 3s, 3p„ and Эр, 
orbitals of the sulfur atoms. The bonding is strongly covalent, 
as could be concluded from single-crystal EPR measurements 
on (n-Bu<N);(Cu(mnt)2], diamagnetically diluted in the 
corresponding Ñi(II) chelate.^ Upon twisting of the ligands, 
the symmetry of the molecule is lowered to approximately Dj, 
and according to the extended Hückel results, the MO of the 
unpaired electron has B, symmetry In this representation, 
the above mentioned atomic orbitals are mixed with the p, 
orbitals of copper and sulfur. This mixing has a direct effect 
on the copper hyperfine splitting, if the coefficients of 3d,, 
and 4p, in this MO are a and β, the first-order hyperfine 
splitting (hfs)" due to the spin densities in these orbitals are 
related as 
/l(3d„):/)(4pI). -5<iJ<r3>M:7|SV !)4 p 
-2a2:0 ! 
(36) Keijzcn. С Ρ , Ph D Thesis, UniveniLy af Nijmegen, 1974 (37) Keijien. С Ρ , de Boer, E МЫ Fhys , 1975, 29. 1007. (38) Кішік. R ; Such, 1, Dietzscb, W, Hoycr, E Imvt Chlm. Леи 1971, 
26, L53 
(39) Keijzm, С Ρ, de Boer, E, J Cium Pkys im, S7, 1277. 
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Table VIH Symmetries in £>, Occupation Numbers, I ncrgics and Must Important LCAOCocrricicnlsofCu, S(l), and S(4) Orbitals in the 
Highest Occupied and Lowest Unoccupied MO s 
symmetry 
mD, A.eV Orbitals of SI 1 ) Orbitals of S(4) 
47 
46 
45 
44 
43 
42 
41 
40 
39 
A B, 
Λ + В, 
В, 
В, 
В, 
А 
6 0S 
6 13 
7 02 
-891 
10 12 
10 16 
10 35 
10 40 
10 73 
0 68г + 0 26z 
0 59x2 
0β9νζ 
0 45z" 0 75jt' у' 
048z1 + 0 1 7 x I - > ' 
0 64z , + 0 S i i · y' 
0 57*ζ 
+ 031Z 011.У 
0 282 + 0 23* 
»0 3І2 0 23y 
+ 0 14> 
0 22>· 
0 312 + 0 2\y 
0 052 0 1 \y 
0 322 0 13>> 
+ 0 31Z ^ 0 IS^ 
0 302 
0 302 
+ 0 14v 
+ 0 23j· 
-0 292 
0 22i 
0 26^ 
0 22> 
0 07z + 0 09>· 
0 31z 0 12^ 
where the expectation values of г-э as calculated from radial 
atomic wave functions* are substituted Thus, Ihese contri­
butions counteract each other, and therefore, twisting the 
ligands should result in a lowering of the anisotropic part of 
the copper hfs, even if the net spin density on copper ( a 2 + 
β
1) remains constant, as can be concluded from the extended 
Huckel calculation This effect is clearly reflected in the 
experimental results (Table VII the hfs's of the twisted 
complex are 10% smaller than those of the planar one Also 
the expected lowering of the average hfs is reflected in the 
experimental values The reason is that the main contribution 
to the Fermi-contact interaction is due to spin polarization of 
inner core s electrons It is to be expected that 4p electrons 
have a smaller polarizing effect than 3d electrons, therefore, 
a decrease of the symmetry to Dt results in a smaller (in 
absolute value) contact interaction The effect on the g tensor 
is hard to assess with symmetry arguments only Since the 
spin -orbit coupling of the copper 4p orbitals is as large as the 
coupling of the 3d orbitals, Ц is to be expected that the main 
effects on the g tensor will arise via changes in excited-slate 
energies, which can hardly be predicted 
Table VIII lists the symmetries, energies, and most im­
portant LCAO coefTicients of Cu, S( l ) , and S(4) in the highest 
occupied and lowest unoccupied MO's The highest occupied 
ones all have metal 3d character but are highly delocahzed 
The lowest unoccupied MO's are localized on the ligands The 
spin density on copper is about 0 5, the remaining 0 5 is 
localized on the sulfur atoms As mentioned above, the low­
ering of the symmetry resulted in a mixing of the p, orbitals 
of copper and sulfur into the MO of the unpaired electron 
With these extended Huckel results, the EPR parameters were 
calculated 
The calculated g tensor (Table VII) has its principal axes 
along the measured ones Also the g1 values are m agreement 
with experiment, but g|| is loo large by 0 02 This is caused 
by the excitation energies of the MO's with A symmetry (d,!, 
(40) Bancroft, G M "Môssbauer Spectroscopy" McGraw-Hill London, 
1973.ρ 27 
(41) Clementi. E . Roetti. С . Al Dala Nucí Dam Tabla 1*74. 14 177 
¿ ¿ y ) , which arc apparently too small These small calculated 
excitation energies also have a large effect on the second-order 
contribution39 to the hfs of copper As a result, this spoils the 
agreement of the dipolar first-order interaction with expenment 
(Table VII) and introduces a large positive isotropic term 
The zero-Held splitting tensor was computed with a non-
delocalized electron spin and with the calculated spin densities 
of all atoms Both tensors are only marginally different and 
agree very closely with the experimental one 
The calculated hfs's of sulfur are not listed in the table 
From the calculations, they are expected to be A± =* -3 8, Ащ 
= + 7 6, and A„ = + 3 9 IO"1 cm"', hence total values of A^ 
^ 0 and /4|| « 11 5 10^* cm"1, appreciably smaller than the 
splittings in the planar complex ^ 
Concluding one may say that the combined susceptibility 
and EPR measurements, together with the semiempincal MO 
calculations, give a good insight in the electronic structure of 
the [Cu(mnt) 2] 1 anions and in the effect on it of ligand 
twisting and pair formation We expeel that additional 
analysis of the satellite lines in the EPR speclra will yield 
information about inlerpair interaclions, as will be discussed 
in a forthcoming paper 
Acknowledgment. We wish to express our gratitude to Dr 
Jan Noordik for collecting the crystallographic data and for 
determining the onentalion of the crystal axes of the crystal 
that was used for the EPR experiments We wish lo thank 
Professor E de Boer for cnlical reading of the manuscript 
H M D was supported by the Netherlands Foundation for 
Chemical Research (SON) and pari of this work was sup­
ported by the "Stichting voor Fundamenteel Onderzoek der 
Materie" (FOM), bolh with financial aid from the Nether­
lands Organisalion of Pure Research (ZWO). 
Registry No [СиОпмЫ^МВ'Ь-иссЮпе). 77481-61-9. [Cu-
(mnl)2]2 [MB*b, 77481 60-8 
SupplemenUry Miterlal AvaUtble. Listings of hydrogen atom 
coordinates (Table II), anisotropic temperature factors of the non-
hydrogen atoms (Table V), and observed and calculated structure 
factors (28 pages) Ordering information is given on any current 
masthead page 
56 
CHAPTER V i l i 
TRIPLET-TRIPLET INTERACTIONS BETWEEN DIMERS OF A COPPERMALEONITRILE-
DITHIOLATE COMPLEX 
VIII.1 Introduction 
2- + 2-
[Cu(II)(mnt) ] (MB ) .acetone (mnt = maleonitriledithiolato (C.N.S.) ; 
MB = the methylene blue cation = 3,9-bis(dimethylamino)phenazothionium) is 
the first non-planar copper(Il)maleonitriledithiolate complex. The X-ray 
structure shows a dihedral angle of 47.4 between the planes of the two mnt 
ligands. It shows also that the anions are paired, with a Cu-Cu distance of 
7.115 A. The electrostatic interaction between the two unpaired electrons gives 
rise to a singlet-groundstate and a triplet excited state, 5.2 cm above it, 
as determined from magnetic susceptibility data. EPR spectra of the excited 
triplet state were measured at 4,2 K. The g-, copper hyperfine- and zero-field 
splitting-tensors were determined and could be reproduced quantitatively with 
semi-empirical molecular orbital calculations [ 1 ] . 
In the EPR spectra, satellite lines were observed which were tentatively 
ascribed to interpair (i.e. triplet-triplet) interactions. In this paper we 
present an analysis of these satellite lines, based on magnetic dipole-dipole 
2-
and electrostatic interactions between neighbouring [Cu(mnt)» ]„ dimers, each 
of them being in the excited triplet state. This accounts for the spectra 
which are measured at 4.2 К and below. At higher temperatures, the number of 
triplet states increases and, thus, the probability of more than two inter­
acting triplets increases very fast. No attempt was made to analyze the very 
complicated spectra which arise from these cluster interactions. 
The theory of coupled triplet states is mainly concerned with the 
dynamics of the interaction between mobile triplet excitons in molecular 
crystals [ 2 ] . This theory does not take into account the magnetic dipole-
dipole and exchange interactions between the S = 1 particles. It holds, 
therefore, only within a given multiplet and cannot describe the coupling 
between multiplets. It is thus capable of explaining the quintet EPR spectra 
which arise from the interactions of localized triplet carbenes [ 3 ] but it 
cannot be applied for the description of the singlet-quintet EPR spectra in 
the same system [ 4 ] . A theory for two coupled triplet states which does 
include the interactions between these states, was developed by Benk and 
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Sixl [ 5 ] . The authors show that the mixing of the singlet and the quintet 
state is caused by the dipolar spin-spin interactions among the four electrons 
of the pair state. The triplet spin pair state does not mix with either the 
singlet or the quintet spin state, due to the difference in symmetry of the 
wavefunctions. The singlet-quintet mixing, and thus the EPR spectrum, is 
sensitively dependent on the energy separation, ΔΕ , between the individual 
states. ΔΕ was introduced as an unknown parameter, which had to be ajusted 
to the temperature dependence of the EPR spectra. 
More recently, the energy separation between singlet, triplet and 
quintet pair states was discussed by Kollmar et al. [6 ] . The differences 
between singlet-quintet, singlet-triplet, and triplet-quintet energy splittings 
could be explained by including all permutations in the total wavefunction. 
This means that single-electrons as well as electron-pairs are permuted between 
the individual triplets. It turns out that the former permutations (which were 
omitted by Benk and Sixl [ 5 ] ) lift the degeneracy of the singlet and quintet 
pair states, which degeneracy was removed in the theory of Benk and Sixl by 
introducing the ad hoc parameter ΔΕ.,.. 
In the treatment of the subject-compound of this paper, additional 
complications arise. This system has a ground singlet state and a closely 
lying, thermally populated triplet state, while the above mentioned carbene 
systems are groundstate triplets. Therefore, we have to include the singlet 
as well as the triplet state of the individual copper-copper dimers, in order 
to account for the experimentally observed temperature dependence of the EPR 
spectra. We are thus forced to descibe the system with four electrons, which 
are two by two coupled by a large exchange interaction, rather than with two 
S = 1 states. Our description yields the energy level diagram of figure 1A 
(where interactions between the triplets are still neglected). The description 
with two S = 1 states would yield, in fact, the second excited state of the 
system. 
It will be shown that another complicating difference with the carbene 
system is that the, relatively large, copperhyperfine coupling cannot be 
neglected as a source for mixing of the various spin pair states. 
In section 2, some experimental details are given. The formulation of the 
spin Hamiltonian is discussed in section 3. In section 4, some relevant 
structural aspects are mentioned, together with some statistical considerations. 
The experimental and calculated results are presented and discussed in the 
last section. 
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VI11.2 Experimental 
The preparation of the title compound and the experimental equipment are 
described in ref. 1. The EPR spectra at temperatures below 4.2 К were measured 
with a home-build bath cryostat. Computer-calculations were performed on an 
IBM-4341-2. 
VIII.3 Formulation of the spin Hamiltonian 
In zero magnetic field, a system of η interacting centers with one un­
paired electron each, can be described by the Hamiltonian 
JC = ïf + 3f . 
0 dip (1) 
where 5t represents the electrostatic interactions within and between the 
centers and 3C is the magnetic dipolar interaction between the unpaired 
electrons: 
X,. 
dip 
2 2 „ 
g
 UB ài 
S..Í. 3(?..г..)(?..?..) 
_1 1 _ ι IJ J IJ (2) 
VIII.3.A Two unpaired electrons 
The most simple example is the well known system with two unpaired 
electrons, discussed in many textbooks and treated already in Chapter II.В 
without the inclusion of the dipolar interaction X, . . The electrostatic 
dip 
interactions, X' , result in a singlet-triplet splitting with the eigenfunction: 
,
ψ
triplet
 > m ι - ( j > ι S-l, m s > 
^singlet | 4 + v ' |ψ3=0 (3) 
where |Ψ,(Γ) > is the orbital wavefunction, being either symmetric or anti­
symmetric for particle-exchange between the two centers A and B: 
| Ψ + ( Γ ) > = 
2+2S 
^ A(1)^ B(2) + *B(1)*A(2)) (4) 
AB 
and |ψ
ς
_
η
' > is the appropriate triplet or singlet spin-function. The singlet-
triplet splitting is reproduced in the effective spin Hamiltonian by inclusion 
of the Heisenberg exchange operator: 
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К = -2J t . . t . (5) 
ex 1 2 
The resulting energies are +3/2 J for the singlet- and -1/2 J for the triply 
degenerate triplet-state. The effective spin Hamiltonian for the dipolar 
interaction is defined as 
*dip-*r S-*2 ( 6 ) 
After rewriting JC,. for two electrons as 
β
 dip 
v = л ;
 к Д
4 ) У , 2
 D
k.
( r
.2 ) su s2, (7) 
it is obvious that the elements of the zero-field splitting tensor D are 
equal to 
Dk<t = е 2 рВ < Ф"(г)|в
кг
(г12)|ф"(г) > (8) 
For a dimer-molecule, which consists of two identical monomers, this reduces to 
A B
 (9) 
-
< 1
^В
( 2 )
І\Я ( Г.2 )І ' В ( 1 ) % ( 2 ) > } 
Calculation of the zero-field splitting tensor is quite tedious and demands 
the exact knowledge of the monomer wavefunctionsjv > and \φ > [7 ] . How­
ever, if the two monomers are relatively far apart, the second (exchange-like) 
integral can be neglected and the first integral can be calculated very 
satisfactorily with a point-charge approximation. For our system this is 
"proven" by the excellent agreement between the experimental zero-field 
splitting tensor and the tensor which was calculated from the simple point-
charge model [ 1 ] . 
Since JC,. commutes with 3C , it does not mix singlet with triplet dip ex ь K 
functions. However, EPR experiments are performed in a magnetic field, and 
because the (anisotropic) Zeeman interaction does not commute with 3f , 
dip 
singlet-triplet mixing will occur if the singlet-triplet splitting is small 
as compared to the Zeeman-energy. Another, more important, cause for mixing 
is the nuclear hyperfine coupling. If the coupling constant is of the same 
order of magnitude as the singlet-triplet splitting, mixing occurs and the 
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EPR spectrum shows extra satellite lines whose position and intensity are 
strongly dependent upon the relative magnitudes of these interactions [8-11 ] . 
VIII. 3. В Four unpaired electrons 
For the description of our system of two identical interacting dimers, 
each having a ground-singlet state and a thermally accessible triplet state, 
we shall use the theory developed by Kollmar et al. [6 ] . However, since they 
describe a system of two coupled triplet states, we shall have to extend their 
theory because, for a correct description of the temperature dependence of the 
EPR spectra, we have to include 1) the singlet-(ground)state of the dimers and 
2) the chance that two neighbouring dimers are in there triplet state and thus 
influence each other. Furthermore, the effect of the copper hyperfine coupling 
has to be considered. 
VIII.3.B.1 Tuo coupled triplet states 
As a start for the total wavefunction of the coupled triplet-triplet 
system, Kollmar et al. used the following product function: 
\Щ
т
 > = À|v>T(l,2) > К
т
(3,4) > |M (1,2,3,4) > (10) 
1
 m 1 11 m 
where A is the antisymmetrizing operator, ψ (1,2) and φ (3,4) are eigenfunctions 
of the hamiltonian of the individual triplet states (eq. (4)), and |M > are 
spin functions which are characterized by the multiplicity M (singlet, triplet 
and quintet); the index m is the magnetic quantum number. The authors show 
that only in the case of pure quintet states the total wavefunction can be 
separated into an orbital and a spin part. For the triplet and singlet states, 
the total wavefunctions are given by a sum of products of orbital and spin 
contributions. Using hydrogen Is orbitals, they derive the energy-level scheme 
represented by the top-9 levels of figure IB, where J_ is an exchange integral 
which describes the exchange of an electron pair and J. is a second exchange 
integral, describing the exchange of single electrons between the two triplet 
states. 
The dipole-dipole interaction energy results from matrix elements 
fj- «w. , = < Μψ IJC,. |Μ'ψ , > (11) 
dipMM .mm' m' dip1 rm' ч ' 
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J
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Figure 1 Sahematio energy level diagrams for a system of four unpaired 
electrons which are two by two coupled with a large isotropic 
exchange interaction (J. ) . J. is the isotropic exchange 
interaction between these (identical) dimers. The dipolar interactions 
within and between the dimers are denoted by D. , and D. , 
ΰ
 ъпіга гпіег 
The numbers in parentheses are the degeneracies. 
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(12) 
Using A = À , [ Α,Λ,. ] - O, AA = A, and making the approximation that the dip 
orbital wavefunctions are orthogonal, this reduces to one term only (without 
stating this, Kollmar et al. neglect here the exchange-type integrals (c.f. 
eq. (9)), which is certainly justified for the relatively large distances 
between the paramagnetic centers in theirs and our system): 
VMM'.mm' =<M
m
(l,2,3,<)| < V '2>*ii<3.*> 1 % 1 
^(1,2)^(3,4) > IM'^U,2,3,4) > 
This leads to the spin Hamiltonian for "¿rctra-triplet (electron pairs 1,2 and 
3,4) and inter-triplet (electron pairs 1,3 2,3 1,4 and 2,4) dipolar inter-
actions: 
JC,. =?1.D. _ .?„ + ¡L.D. ,. .Î. + (ί. +^).D. ^  .(?,+?.) (13) dip 1 intra 2 3 intra 4 1 2' inter,av 3 4 
where the elements of the dipolar interaction tensors are given by: 
Dintr
aia - <^(i)V¿(J)l\,(i,J)k;(i)^a) > С4a) 
where i,j = 1,2 and Ψ' = φ or i,j = 3,4 and ψ' = ^
т т
. 
Dinter,avkA =
 1 / 4
 ^ I A ^ I I A ^ K ^ ' ^ K A ^ I I A ^ > 
(14b) 
+
 <,iIA(i^IIB(J)lDkÄ(i'J)KA(i^IIB(J> > 
+
 < *IB(i)*IIB(J> lDki(i·j) К В ( І ) * І І В Ш > ] 
where i = 1 or 2 and j = 3 or 4. Thus, the interdimerdipolar interaction is 
an average of the four individual dipolar interactions between the two electrons 
of one dimer with the two of the other. Inclusion of these dipolar interactions 
leads to the (top-9) energy levels of Figure 1С and D where (as opposed to the 
situation in IB) singlet and quintet functions are mixed. 
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7III.3.B.2 Inclusion of singlet ground-state 
The ground singlet-state of the dimer is taken into account by in-
cluding the ¿nfera-diiner isotropic exchange (Eq. (5)). Our 
computerprogram uses the 16-dimensional basis set of four electron spins, 
while in the case of two interacting triplets, the 9-dimensional basis 
set of two S = 1 particles must be used. Without dipolar-interactions and 
inter-dimer exchange, this leads to the energy-level diagram of Figure 1A. The 
eigenfunctions of the first excited multiplet can be characterized as product-
functions of a singlet of one dimer with a triplet of the other, and vice versa. 
The six-fold degeneracy is lifted by the intra-dimer dipolar interaction, 
D. ^ . Inclusion of the -¿nter-dimer dipolar and exchange interactions does not intra r 6 
influence these energy-levels. Hence, the EPR spectrum due to this multiplet is 
the normal, single dimer, triplet spectrum. Upon lowering the temperature its 
intensity increases relative to the intensity of the spectra of the higher 
excited (initially 9-fold degenerate) states, but, due to the singlet ground-
state of the dimers, the total EPR intensity drops to zero at very low tempera-
tures. This is exactly the same as saying that, at lower temperatures, the 
chance of having two neighbouring populated triplet states diminishes relative 
to the chance of having an isolated triplet state, surrounded by singlets and 
that at very low temperatures the whole crystal becomes diamagnetic. 
Our computerprogram allows the inclusion of electrostatic interactions 
between the dimers only via an effective exchange Hamiltonian 2JS. . S. . By doing 
that (i.e. the Hamiltonian 2J. _ (S, + S„).(S- + S,)) the degeneracy between 
inter 1 2 3 4 
the singlet, triplet and quintet pair-dimer states is lifted, but with a 
singlet-triplet splitting which is half the quintet-triplet separation. As 
compared to Figure IB: this means that J, = J. and J„ = 0. Change of sign 
1 inter 2 
of J. _ reverses the order of singlet, triplet and quintet which influences inter о > ι- ч 
the mixing of singlet and quintet states and, hence, changes the calculated 
spectra. 
The mixing of singlet and quintet functions by the dipolar interactions 
depends on the magnitude of J. , as was found already by Benk and Sixl [5 ] . 
VIII.3.B.3 Nuolear hyperfine coupling 
Our real spin system consists of four unpaired electrons and four copper 
4 4 
nuclear spins 3/2. This means a 2 χ 4 dimensional basis set. This is clearly 
by far too large for a program that uses exact diagonalization of the Hamiltonian 
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matrix'. Therefore, the nuclear spins were taken to be 1/2 instead of 3/2, thus 
g 
diminishing the problem to a 2 = 256 dimensional one. This can be handled by 
the program, but since it still costs a large amount of computertime (especial­
ly the calculation of transition probabilities takes much time), it was 
decided to neglect the temperature dependence of the ESR spectra, and do the 
calculations with two S = 1 electron spins (i.e. two coupled triplet states 
instead of four unpaired spins) and four 1 = 1 / 2 nuclear spins. This reduces 
2 4 the dimension to 3 χ 2 = 144; being much easier to handle. A couple of times 
the 256 dimensional case was calculated in order to check the computational 
results. 
It was found that inclusion of the copper hyperfine coupling (whose 
magnitude and anisotropy is known from an earlier study [ 1 ] ) gives rise to 
mixing of all states. The resulting spectrum depends also on the relative 
position of the pair-dimer singlet, triplet and quintet states, i.e. on the 
sign and magnitude of the inter-dimer exchange interaction J. 
inter 
VIII.4 Structure and statistical considerations 
VIII.4.A Structure 
2- + The structure of [Cu(mnt)„ ] (MB )„.acetone is reported in [ 1 ] . The 
space groups is Ρτ, with ζ = 2. The unit cell dimensions are a = 10.346 A, b = 
14.522 А, с = 15.524 Α, α = 93.69, 0 = 90.69, and γ = 105.87. As stated already 
2-
in the introduction, the [CuOnnt). ] anions are paired with a Cu - Cu 
distance within these dimers of 7.115 A (Because of the inversion symmetry, 
both copper atoms are magnetically equivalent). The pairs are separated from 
each other by the MB cations in the a direction and by the acetone molecules in 
the b direction (Figure 2). Therefore, the pairs can be considered as being 
stacked along the c-axis, although the shortest interpair Cu - Cu distance is 
along the a-axis. Cu - Cu distances between nearest neighbour pairs and dipolar 
(D. ) interaction tensors between spins centered on these copper atoms are inter r " 
listed in Table 1. The averaged dipolar tensors for two pairs (D. ), 
ь
 *
 r
 inter,av' 
which must be used for the description of the triplet-triplet interaction 
(section 3.B) are listed as well. It is evident that the largest average 
dipolar interaction is between pairs along the a-axis. This concurs with the 
observation that the satellite lines in the EPR spectra are resolved only with 
the external magnetic field B
n
 approximately in this direction (Figure 3A,B). 
However, since this is accidentally also the direction of maximum copper 
I 
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Figure 2 Projection of the packing arrangement. The unit cell is oriented 
with the +c axis horizontal, the +a axis vertical, and the +Ъ axis 
pointing toward the reader. 
66 
Table 1 
Distances between copper atoms in two different dimers, translated along the 
a-, b-, and c-axis, together with the principal values of the dipole-dipole 
interaction tensors (^  J for spins centered on these atoms (in 10~4 cm'1). 
Since these tensors are calculated with a simple point charge model, the 
directions of the parallel principal values are along the copper-copper vectors. 
Also the principal values of the averaged dipole-dipole tensors (D. J 
-4-2 bnter,av 
are listed (in 10 cm ) . 
distance (A) D. . Ό. 
znter гпіег,а 
a-axis 
1-2 10.346 -31.39 
Г-2' 10.346 15.70 
15.70 
-20.45 
Ι'-Σ 11.112 -25.30 7.86 
12.65 12.59 
12.65 
1-2' 13.963 -12.75 
6.38 
6.38 
b-axis 
1-3 14.522 -11.32 
Γ-3' 14.522 5.66 
5.66 
-12.33 
l'-3 11.228 -24.52 2.96 
12.26 9.37 
12.26 
1-3' 20.00 -4.34 
2.17 
2.17 
1-4 15.524 -9.27 
Γ-4' 15.524 4.64 
4.64 
-11.61 
l'-4 10.700 -28.33 5.32 
14.16 6.28 
14.16 
1-4' 21.722 -3.38 
1.69 
1.69 
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hyperfine splitting, it can not be ruled out a priori that besides the inter-
pair dipolar interaction also the copper hyperfine coupling determines the 
intensity and the position of the satellite lines. We will return to this 
point in the next section. The magnitude of all other averaged dipolar 
interactions (nearest neighbour as well as others) is not larger than 
-4 -1 . . . 
9 10 cm in the a direction. If no other interactions play a role, they 
contribute only to the linewidth in the a-direction. However, because 
electrostatic interactions (represented in the spin Hamiltonian by the 
isotropic Heisenberg exchange) between the dimers cannot be excluded beforehand, 
also the effect of the dimer-dimer interactions along the b- and c-axis on the 
EPR spectra will be calculated and discussed in the next section. 
VIII.4.В Statistioal considerations 
As is mentioned in the introduction, because of the singlet groundstate 
of the dimers, the number of populated triplet states increases upon raising 
the temperature. Thus, the probability of having two or more neighbouring 
dimers in the triplet states increases rapidly and, therefore, the number of 
isolated triplets (i.e. surrounded only by dimers in their singlet groundstate) 
decreases and becomes small. 
According to Boltzmann's law, the number of populated triplet states is: 
intra/kT 
3n - J e _ (15) 
1
 +
 3e i n t r a / k T 
where η is the population of one triplet level, and 2J. is the singlet-r r
 f » intra & 
triplet separation for a dimer (see section 3). In (15) the Zeeman 
interactions, dipolar interactions and nuclear hyperfine couplings were 
neglected with respect to the singlet-triplet separation of 5.2 cm . As an 
illustration of the rapidly increasing population of the triplet state, in Table 
2 the populations of singlet and triplet are listed for a number of temperatures. 
For the calculation of the transition probabilities, our computerprogram 
takes into account the Boltzmann-populations of the various energy-levels. 
However, it is to be expected that a calculation with four unpaired electrons 
which results in the energy-level diagram of Figure 1, does not yield the 
correct populations. The reasons are: 
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Table 2 
Temperature dependence of the singlet- and triplet-populations for a dimer 
-4 -1 
with a singlet groundstate and a singlet-triplet separation of 5.2 10 cm . 
0.998 
0.03A 
0.801 
0.664 
0.279 
0.266 
0.262 
0.002 
0.066 
0.199 
0.336 
0.721 
0.734 
0.738 
Temperature (K) populations 
S - 0 S - 1 
1 
2 
3 
4.2 
50 
90 
120 
A) the first excited multiplet is the one that represents the first excited 
state of a crystal: one dimer in its triplet state. It is counted twice in 
our calculation, but in a normalized crystal it should be counted once. 
This multiplet yields the normal EPR spectrum of an isolated triplet, 
B) in our calculation an enormous number of excited states is neglected. 
Examples are 1. states with two or more populated triplets whose distances 
are large enough to prevent mutual influences. Thus they would contribute 
to the spectrum of the isolated triplets, 2. states with more than two 
populated triplets with at least two of them being neighbours. The neighbours 
would yield spectra of pairs, trimers, tetramere etc. of triplet states. The 
non-neighbours would, again, contribute to the spectrum of the isolated 
triplets. 
In order to be able to compare the calculated spectra with the experimental 
ones, the populations in the crystal and those which are used in the program 
should be the same. To accomplish that, it is necessary to determine the 
fraction of isolated dimers in the triplet state and the fraction of isolated 
pairs of triplets. In this sense, isolated means that the triplet-dimer or the 
pair of triplet-dimers is surrounded only by dimers in their singlet state. 
The fraction of isolated triplets is then 
P T = x(l - x )
V
 (16) 
where χ is the fractional(temperature dependent) triplet state population and 
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ν is che number of neighbouring dimers whose triplet-state occupation would 
destroy the isolation. We assume that the inter-dimer interactions do not 
reach further than to nearest neighbours along the a-, b-, and c-axis. There­
fore, ν is equal to 6. Similarly, the fraction of isolated triplet pairs is 
2 10 
PTT,i = 2 x ( 1 " X ) ( 1 7 ) 
where i represents the three types of pairs which are possible, namely along 
the a-, b-, and c-axis. 
In the same way, formulas can be derived for the fractions of trimers, 
tetramers etc. of triplets. If, however, interactions along all three 
crystallographic axes are to be considered, then the number of different types 
of these η-mers increases rapidly and statistics is virtually impossible. On 
the other hand, if interactions in only one direction are important, then the 
crystal can be handled as a linear array of dimers whose statistics is by far 
easier. In our system this will be the case if inter-dimer dipolar interactions 
are the major sourse for the satellite lines in the spectra. As discussed 
above, these interactions are the largest along the a-axis, in which direction 
also the copper hyperfine coupling, a second source for mixing of triplet-
triplet states, is maximal. In Table 3, the fractions of various η-mers of 
triplets is shown as a function of the temperature, assuming that the system 
can be described as a linear arry. It is clear that, up to temperatures of 
4.2 K, the trimers and higher η-mers do not contribute significantly to the 
spectrum. Therefore, the calculation with four unpaired electrons can be made 
to yield a good temperature dependence of the spectra below 4.2 K. This can 
be accomplished by adjusting the intra-dimer exchange constant such that the 
relative populations of the first (initially 6-fold degenerate) and second 
(9-fold) excited multiplet are equal to the ones in Table 3. 
70 
Table 3 
Fractions of isolated monomers (1), dimers (2), trimers (3), tetramere (4), 
and pentamers (S) of triplets for a linear array of singlet-triplet states 
with a singlet groundstate and the triplet state 5.2 от above it. 
Temperature (k) 
] 
2 
3 
1 
2 
3 
4 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
0.9673 
0.0156 
0.0003 
0.8715 
0.0579 
0.0039 
0.0003 
0.6423 
0.1275 
0.0253 
0.0050 
0.0010 
0.4414 
0.1481 
0.0497 
0.0167 
0.0056 
0.0779 
0.0562 
0.0405 
0.0292 
0.0210 
0.0707 
0.0519 
0.0381 
0.0280 
0.0205 
0.0686 
0.0506 
0.0374 
0.0275 
0.0204 
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Figure 3 Temperature dependent EPR spectra. 
A) The spectra from 2 to 4.2 K, with B. // a-axis. 
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Figure 3 Temperature dependent EPE spectra. 
В) The spectra from 4.2 to 120 K, with the field 10° off the a-axis. 
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Vili.5 Results and discussion 
Vili.S.A Experimental results 
EPR spectra for a number of temperatures are shown in Fig. 3. The spectra 
from 2 to 4.2 К (Fig. ЗА) are recorded with the magnetic field along the 
crystallographic a-axis, the spectra from 4.2 to 120 К (Fig. 3B) with the 
field 10 off this axis. At 2 К the isolated triplet lines are split, because 
of the natural abundance of Cu and Cu. The splittings disappear at higher 
temperatures, due to the increasing linewidth. In the low-temperature spectra, 
the lines due to isolated triplets can clearly be distinguished. As is to be 
expected (previous section) their relative intensity decreases rapidly upon 
raising the temperature, due to the growing intensity of the spectra of n-mers 
of triplets. As mentioned above, we shall only analyze the spectra below 4.2 К 
where the satellite lines are almost exclusively due to interactions between 
two triplets. The spectra at higher temperatures are by far too complicated to 
be analyzed successfully. 
Fig. 4 shows experimental spectra at four characteristic orientations in 
a plane that contains (almost) the a-axis (orientation of Fig. 3B) and the 
direction of the largest principal value of the intra-dimer zero-field splitting 
tensor. As mentioned earlier, the satellite lines are only resolved when the 
magnetic field is (nearly) parallel with the a-axis, thus providing a 
possibility of measuring the relative intensities of satellites (due to two 
interacting triplets) and main lines (due to isolated triplets). The intensities 
of the satellites between the main lines are difficult to determine, because 
these satellites are superpositions of at least two lines (see -26 spectrum in 
Fig. 4). Therefore only the relative intensities of the outer satellites can 
be compared. The positions of the satellites are anisotropic, which is clearly 
shown in the outer satellites by comparison of the -26 , 0 and 30 spectra of 
Fig. 4. In the 30 spectrum, the satellites are almost buried under the main 
lines. 
VIII.5.В Calculations and comparison with the experimental results 
In the calculation of the various spectra, almost all input-parameters 
are known: the g-, copper hyperfine coupling-, and zero-field splitting tensors 
from earlier EPR experiments [ I ] and the inter-dimer dipolar interactions from 
point-charge calculations with the known crystallographic structure (section 4). 
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Figure 4 
Experimental spectra at 
four characteristic 
orienvavions in a plane 
that contains (almost) 
the a-axis (0 is the 
orientation of Fig. SB) 
and the direction of the 
largest principal value 
of the intra-dimer zero-
field splitting tensor. 
The hyperfine splittings 
are indicated below the 
spectra. 
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The only unknown interaction is the inter-dimer electrostatic interaction, 
which is represented in our computerprogram by an affective exchange constant. 
Therefore, we have calculated spectra for several inter-dimer exchange con­
stants. The calculations were performed for pairs of dimers situated along the 
a-, b-, and c-axis. The calculated spectra for pairs situated along the latter 
two axes are not shown. Those for the pairs situated along the a-axis are 
depicted in Fig. 5A-D for the four magnetic field orientations of Fig. 4. 
VIII.5.B.1 Calculations without nuclear hyperfine coupling 
These calculations were performed with four electron spins S = 1/2 (section 
3). The proper relative populations of the first (initially 6-fold degenerate) 
and second (9-fold) excited multiplet are obtained by adjusting J. (section 
4). As already mentioned in the introduction, the pair-triplet state does not 
mix with either the singlet or the quintet state, due to the difference in 
symmetry of the wavefunctions. Therefore, EPR lines can be assigned to 
transitions within the pair-triplet state and within the mixed singlet-quintet 
state. In Fig.5A.-D,, pair-triplet transitions are indicated with Τ and the 
isolated triplet transitions are marked with T.. The inclusion of J. and 
0 inter 
D. does not influence the first excited energy levels (section 3.B.2) inter,av 
and therefore the T
n
 transitions are the same in all stick spectra. The 
positions of the Τ transitions are not influenced by J. . Although the r
 ρ inter 0 
separation of the pair-triplet and singlet, and pair-triplet and quintet, is 
not properly represented in our program (section 3.B.3) according to the theory 
of Kollmar et al. [6 1 , the influence of J. ^ on the intensity of the Τ 
' inter } ρ 
transitions will be small, because J.
 t is much smaller than J. ,_ . Within 
inter intra 
the manyfold of the mixed singlet-quintet pair states six Am,, = 1 transitions 
are allowed. Two of them (Q ) are independent of J. __ , because they are not 
xq r inter J 
involved with the m„ = 0 levels of the mixed singlet-quintet state. The other 
four allowed Дт„ = 1 transitions (2 χ SQ and 2 χ QS) strongly depend on the 
value, as well as the sign of J. ,_ , as shown in the figures 5A,-D,. The 
ь
 inter 0 1 1 
intensity of th SQ transitions decreases fast, whenlj. ^ I increases. If |j. I } ч
 ' inter1 ' inter1 
is large, the quintet and singlet states are no longer mixed, and only four 
allowed transitions are left, from the pure quintet state (stick spectrum for 
J. = 250 10~4 cm"'). inter 
The following conclusions can be drawn about the influences of the dimers 
situated along the b- and c-axis in the spectra which are shown in Figure 4: 
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1) without interdimer exchange interaction the observed satellite lines cannot 
be reproduced with these pairs. The triplet-triplet spectra contribute only 
to the linewidth of the isolated triplet spectra, in the directions where 
B
n
 is (almost) parallel to the a-axis, 
2) the SO transitions, which occur due to the inclusion of J. in the 
inter 
calculations, lose their intensity very fast when I J. is increased. 
' inter1 
More importantly, their angular dependence cannot reproduce that of the 
observed outer satellite lines. 
Thus the pairs of dimers situated along the b- and c-axis cannot be the source 
of the satellite lines. 
The calculated stick spectra with the pair situated along the crystallo-
graphic a-axis, shown in Fig. 5A-D. lead us to the following conclusions: 
1) with only D. included in the calculations, the angular dependence 
1
 inter,av " r 
of the outer satellite lines, is reproduced by the Τ transitions of the 
calculated spectra. The distance from the isolated triplet lines are in 
reasonable agreement with the observed ones. Only the intensities are not 
well reproduced (1/7 of the calculated isolated triplet lines relative to 1/4 
of the observed isolated triplet lines in the EPR spectrum of 0 ), 
2) inclusion of J. in the calculations leads to extra satellite lines (for 
inter _, _ 
example in the 30° and 80° spectra with J. is -7.5, -25 and 25 10 cm ). 
inter 
These are not observed in the EPR spectra and therefore exchange interaction 
must be excluded. 
VIII.5.B.2 Calculations with nualeav kyperfine coupling 
It is necesary to include the hyperfine coupling (hfc) because it is of 
the same order of magnitude as D.
 t and D. . The inclusion of hfc 
intra inter,av 
leads to mixing of all states, if J. ^ is also small. Therefore, it is not 
inter 
possible to analyze the spectra, according to pure pair triplet and mixed 
singlet-quintet states. Our program does not reproduce the proper separations 
between the pair-triplet and singlet and the pair-triplet and quintet state, 
(J? = 0) (section 3), according to the theory of Kollmar et al. [6 ] . Therefore, because J. influences the mixing of the pair triplet state with the mixed inter 
singlet-quintet state, this can lead to an erroneous interpretation. 
The calculations were performed with two S = 1 electron spins coupled 
with four nuclear spins I = 1/2. Therefore the second (9-fold degenerate) 
excited state is calculated as a groundstate. To come to a right comparison 
with the experimental spectra, we have to calculate also the first excited 
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state, but with only one S = 1 electronspin and 2 nuclear spins S = 1/2, also 
in the groundstate. The obtained transition probabilities are multipled by 
the fractions of dimers and isolated monomers of triplets calculated in 
section AB, Table III, at 4.2 K. In Fig. 5A,-D„, the calculated spectra are 
shown. The isolated triplet lines are indicated with . Although the 
spectra are more complicated, essencially the same conclusions can be drawn, 
as in section 5.B.1, with respect to the calculated spectra of pairs situated 
along the b- and c-axis: 
1) inclusion of the averaged interdimer dipolar interactions, alone, cannot 
reproduce the outer satellite lines, the calculated triplet-triplet spectra 
contribute only to the linewidth of the isolated triplet spectra in the 
directions where B- is (almost) parallel to the a-axis, 
2) the satellite lines, produced by inclusion of J. , show a difference 
r
 ' inter 
angular dependence than the observed outer satellites and their intensities 
are also not of the right magnitude (they are to small with respect to the 
observed intensities). Thus the pairs of dimers situated along the b- and 
c-axis cannot be the source of the observed satellite lines. 
Considering the calculated spectra, for pairs situated along the crystallo-
graphic a-axis, shown in Fig. 5A_-D„, for the Bn directionb of Fig. 4, the 
following observations are done: 
1) with only D.
 t included in the calculations (J. = 0 ) the angular 
' inter,av inter 0 
dependency of the observed satellite lines is reproduced by the calculated 
spectra. The distances from the isolated triplet lines are too small with 
respect to the observed distances. Their intensities are in good agreement 
with the observed intensities with respect to the isolated triplet lines 
(1/5), 
2) inclusion of J. , leads to shifting of the calculated satellite lines and 
inter 
extra satellites, which are not observed in the observed spectra. Also the 
intensities are too small and the angular dependence cannot reproduce that 
-4 -1 
of the observed satellite lines. Only the spectra with J =+7 . 5 10 cm lead to a 
better position of the calculated satellite lines with respect to the 
isolated triplet lines in the 0 spectrum, but the distances from the isolated 
triplet lines in the -26 and 30 spectrum become to large. Therefore, we 
have concluded that the exchange interaction is zero. 
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Figure 5 
Calculated spectra with, and without nuclear hyperfine coupling, for pair of 
lines situated along the crystallographie a-axis, for the B
n
 orientations 
of Figure 4, -26 spectrum (a), 0 spectrum (B), 50 spectrum (C) and 80 
-4 -1 
spectrum (D). The line pos-utions are дг еп in energy units, 10 cm . 
-4 -1 J. . ге also given in 10 en %nter 
Α-,-Βη are stick spectra without nuclear hyperfine coupling. The isolated 
triplet transitions are indicaved with Τ
n
, the pair vriplet transitions with 
Τ and the mixed singlet-quintet transitions with Q , QS and SQ. 
A0-D0 are simulated spectra, for two coupled S - 1 electrons and four nuclear 
. . - 4 - 1 
spins I = 1/2, with a lbnew%dth of 10 cm . The line positions of the 
isolated triplet lines are indicated with ·, . 
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SUMMARY 
In this thesis the results are discussed of electronspin-nuclearspin 
double resonance (ENDOR) experiments on single crystals of Cu(II)bis(N,N-
diethyldithiocarbamate) of which the methyl groups are deuterated 
(Cu((CD-CH ) dtc) ) and of an electron paramagnetic resonance (EPR) study on 
single crystals of coppermaleonitriledithiolate, with Methylene Blue as the 
2- + 
cation and acetone incorporated ( [ Cu(mnt) ] (MB ),.acetone). 
The aim of the first investigation has been to test the supposition that 
"multi-centre" contributions to the ligand hyperfine coupling tensors are 
important in delocalized systems. These "multi-centre" contributions can be 
calculated, if the spindensities are accurately known. Cu(II)bis(N,N-diethyl-
dithiocarbamate) is an eligible compound to verify this supposition, because 
strong spin delocalization is present in this molecule and because the spin-
densities are accurately known from earlier studies in our laboratory. The 
"multi-centre" contributions were calculated with the help of existing computer 
programs, based on Gauss-type orbitals (Chapter IV). Although the multi-centre 
contributions are always small, they are important in these cases where the 
one-centre contributions are negligible themselves. The latter holds for the 
CH -protons of Cu((CD,CH ) dtc) . In Chapter V the experimental (ENDOR) and 
the theoretical results are presented. There is a good agreement between the 
experimental and theoretical values of the anisotropic parts of the hyperfine 
tensors of the CH -protons. 
It is often impossible to grow single crystals of compounds. Therefore, 
it is meaningful to examine whether or not an ENDOR study of a powder leads to 
reliable information. For this purpose, Cu((CD CH.)„dtc). is an excellent test 
case, because the results obtained from the powder ENDOR spectra can be compared 
with the accurate results of the single crystal study. In Chapter VI, the 
powder spectra are described and analysed as far as possible. From the so-
called "single crystal-like" ENDOR spectrum, the hyperfine principal values 
of two protons could be determined, assuming that the hyperfine tensors are 
axial and that the protons do not possess spindensity (the protons belong to 
a host molecule). Assuming a planar molecular geometry, only the largest 
hyperfine principal values of the four non-equivalent CH» protons, could be 
determined from the so-called "two-dimensional ENDOR spectrum". 
The aim of the second investigation has been, at first instance, to 
synthesize charge-transfer complexes of planar inorganic and planar organic 
molecules. The combination of the coppermaleonitriledithiolate anion with the 
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Methylene Blue cation did not result in a charge-transfer compound but yielded 
2-
the first non-planar [Cu(mnt). ] complex. 
In Chapters VII and VIII the crystal structure, magnetic susceptibility 
2- + 
and EPR measurements of this newly synthesized [Cu(mnt)„ ] (MB ) .aceton 
2-
complex are presented. The crystal contains pairs of [Cu(mnt)9 ] anions. 
These pairs and the MB cations form regular stacks along the c-axis. The 
2-
[Cu(mnt)9 ] anion is non-planar. The angle between the planes of the ligands 
is 47.4 . Magnetic susceptibility measurements reveal an anti-ferromagnetic 
exchange coupling. An exchange constant J of -2.6 cm was derived from a fit 
of a singlet-triplet model to the experimental data. EPR spectra of an un-
diluted single crystal are in accord with a triplet state of two coupled 
Cu(II) ions. The effect of the twisting of the ligands on the EPR parameters 
could be understood with the mixing of the metal 4p orbital into the MO of 
the unpaired electron of the monomer, with the help of semi-empirical 
(extended HÜckel) MO calculations for the planar and twisted molecule. 
Satellite lines occurring together with the triplet hyperfine lines in the 
EPR spectra could be explained, below 4.2 K, with spin-spin interactions 
between two neighbouring dimers in the excited triplet state (two coupled 
triplet states). Computer calculations were performed, in which the dipolar 
and exchange interactions between the four electrons, as well as the hyperfine 
interactions had to be taken into account. 
In Chapter II.A the ENDOR theory is discussed, with special attention 
to the small temperature window in which the ENDOR signals of this transition 
metal complex can be detected. In Chapter II.В the Heisenberg exchange 
hamiltonian for a dimer is discussed. Chapter III comprises the experimental 
aspects, together with some remarks about the MO calculations. 
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SAMENVATTING 
In dit proefschrift worden de resultaten besproken van electronspin-
kernspin dubbelresonantie (ENDOR) experimenten aan éénkristallen van koperbis-
(N,N-diethyldithiocarbamaat), waarvan de methyl groepen gedeutereerd zijn 
(Cu((CD.,CH9),dtc).) en van electron paramagnetisch resonantie (EPR) onderzoek 
aan éénkristallen van kopermaleonitrildithiolaat met Methyleen Blauw als 
2- + 
kation en met aceton ingebouwd ( [ Cu(mnt) ] (MB )-.aceton). 
Het doel van het eerste onderzoek was de veronderstelling te toetsen, 
dat "multicentrum" bijdragen aan ligande hyperfijn koppelingstensoren van 
belang zijn in gedelokaliseerde systemen. Deze "multicentrum" bijdragen kunnen 
berekend worden indien spindichtheden nauwkeurig bekend zijn. Cu(II)bis(N,N-
diethyldithiocarbamaat) is een geschikte verbinding om deze veronderstelling 
te verifiëren, omdat in dit molekuul sterke spindelokalisatie optreedt en 
omdat de spindichtheidsverdeling uit voorgaand onderzoek in ons laboratorium 
nauwkeurig bekend is. Voor de berekening van de "multicentrum" bijdragen werd 
gebruik gemaakt van bestaande computer programma's, gebaseerd op Gauss type 
orbitalen (Hoofdstuk IV). Hoewel de "multicentrum" bijdragen altijd klein 
zijn, spelen zij een belangrijke rol in die gevallen waar de één-centrum 
bijdragen ook klein zijn. Dit is het geval voor de CH -protonen van Cu(II)-
bis(N,N-diethyldithiocarbamaat). In Hoofdstuk V worden de experimentele (ENDOR) 
en theoretische resultaten vermeld. Een goede overeenstemming werd gevonden 
tussen de experimentele en theoretische waarden voor de hyperfijn koppelings-
tensoren van de CH9-protonen, 
Daar het vaak onmogelijk is éénkristallen van verbindingen te groeien, 
is het zinvol na te gaan of een studie van ENDOR spectra, gemeten aan poeders, 
tot betrouwbare informatie kan leiden. Voor dit doel leent Cu((CH CH-).dtc). 
zich nu uitstekend, omdat de gegevens verkregen uit de poeder ENDOR spectra 
kunnen worden vergeleken met de nauwkeurige resultaten uit het éénkristal 
onderzoek. In Hoofdstuk VI worden de poederspectra beschreven en zover mogelijk 
geanalyseerd. Uit het zogenaamde "single crystal-like" ENDOR spectrum konden 
de hyperfijn hoofdwaarden van twee protonen bepaald worden, aannemende dat de 
hyperfijntensoren axiaal zijn en de protonen geen spindichtheid hebben (de 
protonen zitten in een gastheer molekuul). Uitgaande van een vlakke molekulaire 
structuur konden alleen de grootste hyperfijn hoofdwaarden van de vier niet-
equivalente CH.-protonen uit het zogenaamde twee-dimensionale ENDOR spectrum 
benaderd worden. 
Het doel van het tweede onderzoek was, in eerste instantie, charge-transfer 
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complexen te synthetiseren van vlakke anorganische met vlakke organische 
molekulen. De combinatie van het kopermaleonitrildithiolaat anion met het 
Methyleen Blauw kation, leverde geen charge-transfer verbinding, doch het 
2-
eerste niet-vlakke [ Cu(mnt)_ ] complex op. In Hoofdstuk VII en VIII worden 
de kristalstruktuur, magnetische susceptibiliteit en EPR metingen aan dit 
2- + 
nieuw gesynthetiseerde [Cu(mnt)2 ] (MB )„.aceton complex besproken. Het 
kristal bevat paren [Cu(mnt)„ ] ¿~ anionen, die evenals de Methyleen Blauw 
2-kationen ketens vormen langs de c-as. Het [Cu(mnt)9 ] anion is niet vlak, 
de ligande vlakken maken een hoek van 47.4 met elkaar. Magnetische suscep-
tibiliteit metingen lieten een anti-ferromagnetische exchange koppeling zien. 
Een exchange constante J van -2.6 cm werd bepaald m.b.v. het singlet-triplet 
model. De EPR spectra van een onverdund éénkristal konden geïnterpreteerd 
worden met een triplet toestand van twee gekoppelde koper ionen. Het effect 
van de ligande draaiing op de EPR parameters kon begrepen worden met bijmenging 
van de metaal 4p orbitaal in de MO van het ongepaarde elektron van een mono-
meer m.b.v. semi-empirische (extended Hückel) MO berekeningen (voor het vlakke 
en het gedraaide molekuul). Extra lijnen naast de triplet hyperfijn lijnen, in 
de EPR spectra, konden, beneden 4.2 К worden verklaard met spin-spin interacties 
tussen twee naburige dimeren in de aangeslagen triplet toestand (twee gekoppelde 
triplet toestanden). Hiertoe werden computer berekeningen uitgevoerd, waarbij 
naast de dipolaire en exchange interacties tussen de vier electronen onderling 
ook hyperfijn interacties meegenomen moesten worden. 
In Hoofdstuk II.A wordt de ENDOR theorie besproken met speciale aandacht 
voor het kleine temperatuur traject waarbinnen ENDOR signalen van dit overgangs-
metaalkomplex kunnen worden waargenomen. In Hoofdstuk II.В wordt de Heisenberg 
exchange hamiltoniaan besproken voor een dimeer. De experimentele gegevens en 
enkele opmerkingen aangaande the МО-berekeningen worden gepresenteerd in 
Hoofdstuk III. 
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1. De grote versahillen in faee geheugentiìd zoals die voor triplet 
exoitonen in l}2,4,5-tetrachloorbenzeen zijn bepaald uit optische 
absorptiemetingen en ESR metingen zijn mogelijkemijs toe te 
schrijven aan het feit dat men bij ESR experimenten in tegen-
stelling tot optische experimenten alleen excitonen detecteert 
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signalen in het С NMR vaste stof spectrum van poly(methylmetha-
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4. De door P. Gajardo et al. gegeven verklaring van de correlatie 
tussen de hy dr ode sulfinering, de hydrodemetallisering en de hydro-
denitrogenering van "heavy crude oils" d.m.v. katalysatoren is zeer 
specu latief. 
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5. De opkomst van hoogfrequente NMR apparatuur dient gepaard te gaan 
met de opkomst van ultra zuivere oplosmiddelen. Hier wordt под 
onvoldoende aandacht aan besteed. 
6. De grote groei in 1981 en 1982 van het aantal woongroepenverenigingen, 
met woningen in eigen beheer, spreekt de bij de overheid en woning­
bouwverenigingen heersende opvatting, dat de woongroep een tijdelijk 
verschijnsel is, tegen. Deze opvatting, die er toe geleid heeft dat 
aan woongroepen bijna geen huurwoningen met de juiste woonvoor­
zieningen zijn toegewezen, dient te worden herzien. 
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